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To the future unforeknown.
To be “normal” is the ideal aim for the unsuccessful, for all those who are still
below the general level of adaptation. But for people of more than average ability,
people who never found it diﬃcult to gain successes and to accomplish their share
of the world’s work – for them the moral compulsion to be nothing but normal
signiﬁes the bed of Procrustes – deadly and insupportable boredom, a hell of
sterility and hopelessness.
– Carl Gustav Jung. Problems of Modern Psychotherapy (1929)55 –

Prologue
What drives a person to write a thesis? The passion for knowledge and science? The
promise of a better life, or success? Can it be otherwise some kind of an ethically-inspired
categorical imperative,56 or, because it is the material proof of the ontological primacy of
one’s will over his reason?84 It may also be, for love of the city of Geneva, because we stand
to gain much more through suﬀering than by avoidance of it.7,8
Anyhow, in my case I believe it was conviction. I had chosen to write it, and I have
written it. This is the record of my activity as a doctoral student at EPFL for the past
four years and a half. Thank you for being interested, whoever you are, and I hope you
ﬁnd something that makes you not regret taking this text in your hands.
So, please do, like everybody else does, begin at the beginning and go on till you come
to the end: then stop.12
v
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Abstract
For over a century, electrocardiology has been observing human cardiac activity through
recordings of electrocardiograms (ECG). The potential diﬀerences derived from the nine
electrodes of the standard 12-lead ECG, placed at their designated positions, are the ex-
pression of electric dynamics of which the heart is the source. According to well-deﬁned
protocols and established criteria of diagnosis, the signals of the electrocardiogram are used
as indicators of cardiac pathology.
However, of the four chambers of the human heart, each of which has a speciﬁc function,
most attention in cardiology has been traditionally placed on the ventricles. This has meant
that the conventional ECG system is focused on the observation of ventricular activity, and
might not be optimal in studying the activity of the atria. The increasing prevalence of
atrial ﬁbrillation in the general population, with its inherent severe complications as well
as the known social and economic impacts of the disease, has elicited studies investigating
body surface potentials of atrial arrhythmias, invariably pivoted on the standard ECG.
The aim of this thesis is to investigate the conception and validation of a lead system
targeted at the analysis of atrial ﬁbrillation. This new lead system should be dedicated and
optimized to capturing a maximal amount of information about the atrial electric activity
taking place during ﬁbrillation, but at the same time be well anchored to the standard ECG
conﬁguration, in view of its application in clinical practice. This constraint has led to the
use of the same number of electrodes, nine, while leaving at least half of these, ﬁve, in their
initial positions.
In the ﬁrst part of this thesis, observations of body surface potential maps during
normal atrial activity are discussed. The objective was to study the involvement of atrial
repolarization in body surface potentials. While studying ECG signals recorded with 64-
lead systems from 73 patients, special attention was devoted to the processing of low-
amplitude signals. The local potential extremes were found at positions not sampled by the
standard leads. Moreover, the PQ segment was found to be not electrically silent, the time
course of the potential distribution being very similar to that during the P wave but for a
reversed polarity and about 3-fold lower magnitudes. The results demonstrate a signiﬁcant
involvement of atrial repolarization during the PQ interval, and a small dispersion of atrial
action potential durations.
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In the second part, the design and evaluation of a new optimized lead system (OACG)
dedicated to atrial ﬁbrillation is presented, based on a biophysical-model study. Considering
the material constraint mentioned above, the locations of four of the six precordial electrodes
were optimized while leaving the remaining ﬁve electrodes of the standard ECG system in
place. The analysis was based on episodes of eleven diﬀerent variants of AF simulated by a
biophysical model of the atria positioned inside an inhomogeneous thorax. The optimization
criterion used was derived from the singular value decomposition of the data matrices. The
four new electrode positions increased the ratio of the eighth to the ﬁrst singular value
of the data matrices of the new conﬁguration about ﬁve-fold compared to that of the
conventional electrode positions. The OACG lead system produces a more complete view
on AF compared to that of the conventional the standard 12-lead system.
The third part treats the evaluation of the newly-designed OACG lead system in its ap-
plication to clinical signals. Atrial ﬁbrillation signals were recorded in patients at the nine
electrode positions of 1) the standard 12-lead ECG, 2) a heuristically designed lead system,
the ACG lead system, and 3) the OACG lead system. After cancellation of the ventricular
signals, an information measure was derived from the singular value decomposition of the
atrial signals. The resulting values obtained from the three lead systems were compared.
For the limited number of recordings made available from the OACG lead system, consis-
tently higher values of the information measure were obtained with the OACG lead system
compared to the standard ECG or ACG. The ECG is clearly suboptimal in the analysis of
atrial ﬁbrillation and the OACG lead system provides a more complete view of its complex
dynamics.
The electric cardiac activity can be represented as the time course of a current dipole
source placed inside a homogeneous thorax, the vectorcardiogram (VCG). The fourth and
ﬁnal topic of this thesis concerns the design of a VCG lead system committed to atrial
ﬁbrillation. Body surface potentials during atrial ﬁbrillation were simulated by using a
biophysical model of the human atria and thorax. The XY Z components of the equivalent
dipole were derived from the Gabor-Nelson equations. These served as the gold standard
while searching for methods to derive the vectorcardiogram from a limited number of elec-
trode positions and their transfer coeﬃcients. Six electrode conﬁgurations and dedicated
matrices were tested using episodes of simulated atrial ﬁbrillation and 25 diﬀerent tho-
rax models. The OACG lead system, including one electrode on the back, reduced the
RMS-based relative estimation error in comparison with that of the well-known Frank lead
system. The Frank lead system was found to be suboptimal for estimating the VCG during
AF. Alternative electrode conﬁgurations should include at least one electrode on the back.
The overall conclusion regarding these results can be recapitulated as a suboptimality of
the standard 12-lead ECG system with respect to the analysis of atrial ﬁbrillation. The key
features of atrial activity are well present in body surface potentials, but appear at locations
not covered by the standard lead system. While anchoring more than half of its electrodes
at their conventional positions, the four new electrode positions optimized in regard to the
information extraction exhibited higher performance in a biophysical-model study. The
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application of such an adapted lead system with its customized transfer coeﬃcients to
clinical signals promises a considerable improvement in the analysis of atrial ﬁbrillation.
The lead system with one electrode on the back of the thorax, allowing a three-dimensional
capture of the complex dynamics of atrial ﬁbrillation signals, demonstrated its utility in its
application for deriving the VCG representation of the source estimation.
Keywords
Atrial ﬁbrillation, biophysical model, body surface potential, depolarization,
electrocardiogram, lead system, repolarization, vectorcardiogram.
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Durant son histoire, l’e´lectrocardiologie a traite´ l’activite´ cardiaque notamment a` travers
l’e´lectrocardiogramme (ECG) enregistre´ sur la surface du corps humain. Les diﬀe´rences de
potentiel e´lectrique mesure´es par les neuf e´lectrodes place´es a` des positions spe´ciﬁques sont
des expressions de la dynamique e´lectrique dont le cœur est la source. A l’aide de proto-
coles bien de´ﬁnis et des crite`res de diagnostic e´tablis, les signaux de l’e´lectrocardiogramme
fournissent des indications pre´cieuses sur une pathologie cardiaque e´ventuelle.
Cependant, parmi les quatre chambres du cœur humain, dont chacune a un roˆle spe´ciﬁque,
le centre d’inte´reˆt de la cardiologie a longtemps e´te´ place´ sur les ventricules. Cela signiﬁe
que le syste`me d’ECG conventionnel est focalise´ sur l’observation de l’activite´ ventricu-
laire, et pourrait ne pas eˆtre adapte´ a` l’analyse de l’activite´ auriculaire. L’augmentation
de la pre´valence de la ﬁbrillation auriculaire dans la population ge´ne´rale, ses symptoˆmes
lie´s a` des complications graves ainsi que les impacts socio-e´conomiques de cette patholo-
gie ont conduit a` l’investigation des potentiels de surface de l’arythmie auriculaire, base´e
invariablement sur le syste`me d’ECG standard.
Le but du travail pre´sente´ dans cette the`se est la conception et l’e´valuation d’un nouveau
syste`me d’enregistrement focalise´ sur l’analyse de la ﬁbrillation auriculaire. Le nouveau
syste`me doit eˆtre optimise´ pour l’obtention d’un maximum d’informations sur l’activite´
e´lectrique des oreillettes, mais en meˆme temps ancre´ sur la conﬁguration standard de l’ECG
eut e´gard a` son application en clinique.
Dans la premie`re partie de cette the`se, la repre´sentation du potentiel de surface a e´te´
e´tudie´e pendant l’activite´ auriculaire normale. L’objectif e´tait d’observer l’implication de
la repolarisation auriculaire dans le potentiel de surface. En utilisant les signaux d’ECG
enregistre´s avec des syste`mes de 64 e´lectrodes sur 73 sujets, une attention particulie`re a e´te´
apporte´e au traitement des signaux de faible amplitude. Les extrema locaux du potentiel
ont e´te´ trouve´s dans des re´gions qui ne sont pas couvertes par le syste`me standard. De
plus, le segment PQ ne s’est pas ave´re´ e´lectriquement silencieux. Sa distribution de
potentiel au cours du temps e´tait tre`s similaire a` celle durant l’onde P mais d’une polarite´
inverse´e, et une magnitude trois fois infe´rieure. Ces re´sultats de´montrent une implication
signiﬁcative de la repolarisation auriculaire pendant l’interval PQ, et une faible dispersion
des dure´es du potentiel d’action auriculaire.
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Deuxie`mement, la conception et l’e´valuation d’un nouveau syste`me d’enregistrement
(OACG) de´die´ a` la ﬁbrillation auriculaire est pre´sente´ dans une e´tude utilisant un mode`le
biophysique. Par rapport aux contraintes mate´rielles susmentionne´es, les positions de qua-
tre parmi les six e´lectrodes pre´cordiales sont optimise´es en laissant les cinq restantes a` leur
position standard. L’analyse a e´te´ base´e sur onze diﬀe´rents e´pisodes de ﬁbrillation auric-
ulaire simule´s par un mode`le biophysique des oreillettes humaines place´ dans un thorax
inhomoge`ne. Le crite`re d’optimisation est de´rive´ de la de´composition en valeurs singulie`res
des matrices de donne´es. Les quatre nouvelles positions d’e´lectrodes ont augmente´ le rap-
port de la huitie`me a` la premie`re valeur singulie`re d’un facteur cinq par rapport au syste`me
conventionnel. Le syste`me OACG produit une vue plus comple`te de la ﬁbrillation auricu-
laire compare´ au syste`me d’ECG standard.
Le troisie`me volet traite de l’application de ce nouveau syste`me au signaux cliniques.
Les signaux de ﬁbrillation auriculaire ont e´te´ enregistre´s avec le syste`me d’ECG standard
ainsi qu’un syste`me conc¸u heuristiquement (ACG), et le syste`me optimise´ (OACG). Apre`s
suppression des signaux ventriculaires, la meˆme mesure d’information que pre´ce´demment a
e´te´ de´rive´e par la de´composition en valeurs singulie`res des signaux auriculaires. Les valeurs
obtenues par les trois syste`mes ont e´te´ compare´es. Avec les re´serves dues au nombre limite´
d’enregistrements avec le syste`me OACG, ce dernier a de´montre´ des valeurs constamment
supe´rieures par rapport a` l’ECG standard ou l’ACG. Le syste`me standard de l’ECG est
clairement sous-optimal pour l’analyse de la ﬁbrillation auriculaire et l’OACG apporte une
meilleure vision de la dynamique complexe de cette pathologie.
L’activite´ cardiaque e´lectrique peut eˆtre repre´sente´e comme une e´volution au cour du
temps d’un dipoˆle de courant place´ dans un thorax homoge`ne, le vectorcardiogram (VCG).
La dernie`re partie de cette the`se est consacre´e a` la conception d’un syste`me de VCG de´die´
a` la ﬁbrillation auriculaire. Les potentiels de surface pendant la ﬁbrillation auriculaire
ont e´te´ simule´s avec un mode`le biophysique des oreillettes humaines et de thorax. Les
composants XY Z du dipoˆle e´quivalent ont e´te´ de´rive´s par les e´quations de Gabor et Nelson.
Ils ont servi d’e´talon a` la recherche de me´thodes pour la de´rivation du VCG a` partir d’un
nombre limite´ de positions d’e´lectrodes et des coeﬃcients de transfert correspondants. Six
conﬁgurations d’e´lectrodes et de matrices de transfert ont e´te´ teste´es en utilisant les e´pisodes
de ﬁbrillation auriculaire simule´s et 25 diﬀe´rents mode`les de thorax. Le syste`me OACG,
avec la particularite´ d’avoir une e´lectrode dorsale, a re´duit l’erreur relative d’estimation par
rapport au syste`me bien connu de Frank. Ce dernier est sous-optimal pour estimer le VCG
pendant la ﬁbrillation auriculaire. Une conﬁguration alternative devrait posse´der au moins
une e´lectrode dans le dos.
La constatation ge´ne´rale vis-a`-vis de ces re´sultats se re´sume a` une sous-optimalite´ du
syste`me standard de l’ECG dans le contexte de l’analyse de la ﬁbrillation auriculaire. Les
caracte´ristiques clef de la ﬁbrillation auriculaire, la de´polarisation et repolarisation, sont
bien pre´sentes, mais apparaissent en des re´gions qui ne sont pas couvertes par le syste`me
standard. En ancrant plus de la moitie´ des e´lectrodes a` leur position initiale, les quatre nou-
velles positions d’e´lectrodes optimise´es vis-a`-vis de l’extraction d’information ont fourni de
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meilleures performances dans une e´tude utilisant un mode`le biophysique. L’application de
cette de´marche promet des progre`s conside´rables dans l’analyse de la ﬁbrillation auriculaire.
L’e´lectrode dorsale, permettant une capture tridimensionnelle de la dynamique complexe
des signaux de ﬁbrillation auriculaire, a de´montre´ son utilite´ pour la repre´sentation VCG
de l’estimation de source.
Liste des mots-clefs
Fibrillation auriculaire, mode`le biophysique, potentiel de surface,
de´polarisation, e´lectrocardiogramme, syste`me de de´rivations,
repolarisation, vectorcardiogramme.
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Introduction 1
1.1 Kαρδια
THE human heart, the most studied organ in biology, is a hollow mass of mainly stri-ated muscle ﬁbers. It is most essential to life, since its function is to pump blood
through the blood vessels to the entire body by repeated, rhythmic contractions. It is
situated slightly to the left of the middle of the thorax, underneath the breastbone (the
sternum), at a position surrounded by the lungs (ﬁgure 1.1).32 It is the active center of
the human cardiovascular system, circulating blood in the entire organism as a medium for
transporting substances such as oxygen, nutrients, blood cells, enzymes, antibodies, as well
as collecting the corresponding counterparts as wastes, toxins or external agents for disposal.
The heart consists of four chambers, namely the two upper atria and the two lower ven-
tricles. The number of chambers followed the evolutionary pattern of the vertebrates, which
prevents a blend of arterial and venous blood in the closed circulatory system. The high
energy consumption of homeotherms, i.e. the avian and mammals, requested a higher eﬃ-
ciency of oxygen transport by clearly separating oxygenated and deoxygenated hemoglobin
within the circuit. Indeed, the number of the chambers in the heart in terms of their speciﬁc
functions as well as their structures and geometries are important in the expression of the
pathology of this organ studied in this work. The atria serve as buﬀers for blood entering
the heart from which it is transferred to the ventricles. The ventricles are the actual pumps
that propel the blood into the circulatory system. The valves between the atria and ven-
tricles maintain coordinated unidirectional blood ﬂow from the atria to the ventricles. The
venous blood returning from the peripheral vessels enters the right atrium, through which
it passes to the right ventricle and is sent to the lungs through the pulmonary artery. The
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Figure 1.1 – Heart and lungs. Henry Gray, Anatomy of the Human Body (1918).32
blood, rich with oxygen and free of carbon dioxide by diﬀusion at the pulmonary alveoli,
is passed to the left atrium from which it enters the left ventricle. The latter forces the
blood into the aorta from which it enters the entire circulatory system (ﬁgure 1.2). Every
normal single beat of the heart involves a sequence of these well-organized events, which
constitutes the cardiac cycle.
In a cardiac cycle, the aforementioned sequence consists of three major stages, namely
the atrial systole, the ventricular systole and the complete cardiac diastole. The atrial
systole is the phase which comprises the contraction of the atria and the corresponding
inﬂux of blood into the ventricles. Once the blood has fully left the atria, the atrioventricular
valves close, preventing backﬂow into the atria. This closing of the valves (semilunar and
atrioventricular) is the origin of the familiar beating sounds of the heart. The ventricular
systole consists of the ventricular contraction and the eﬄux of blood into the circulatory
system. Once the blood is expelled from the ventricles, the pulmonary and aortic semilunar
valves close. The ﬁnal complete cardiac diastole involves the relaxation of the atria and
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Figure 1.2 – Heart as the main pump of the cardiovascular system. Schematic diagram of blood ﬂow
in the human heart and nomenclature of principal anatomical features. Copyright, Kathy Mak and GNU
Free Documentation License.
ventricles in preparation for the reﬁlling phase of circulating blood. The whole cycle of
blood circulation within the system is governed almost completely by the ﬂuid mechanics
regulated by the muscular contraction of the heart.
1.2 Bioelectricity of the heart
The cardiac muscle, a spontaneously contracting, self-exciting tissue, develops the driving
force governing the ﬂuid mechanics of the circulatory system by converting biochemical en-
ergy to kinetic energy. The contraction of the muscle is triggered by an electric stimulation,
that is, the onset of an bioelectric signal called the action potential (AP).
The action potential is the general term for an all-or-none active electric impulse travel-
Figure 1.3 – Schematic of action potential propagation over a cell membrane.
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Figure 1.4 – Action potentials. (A) AP of neurocytes. (B) AP of cardiomyocytes
ing along the cell membrane (ﬁgure 1.3). In the neural system, it functions as a messenger
between cells, while in muscles, it regulates the contraction of ﬁbers. It is generated by
exchanges of electrically charged ions across the cell membrane via ion channels,90 creating
a local potential bias above a triggering threshold between the two sides of the membrane.
In its relaxed state, the inside of a cardiac myocyte is at a negative potential with respect to
the outside, the resting potential. If the absolute value of this resting potential is reduced
below a threshold level, a cascade of ion kinetics is induced, entailing chain reactions of
potential dynamics propagation to the surrounding cell membrane (ﬁgure 1.4). The rest-
ing potential of a cell membrane is generated by an electrochemical equilibrium of charges
(ions) on each of the sides of the membrane. The action potential reﬂects the local acute
non-linear depolarization from this resting potential, followed by a repolarization phase of
return to the resting potential. The dynamics of the inward and outward electric current
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Figure 1.5 – Potential inequalities over the body surface, by Augustus D. Waller (1889).107
is regulated by the opening and closing of the gates (ion channels) and is ruled by the
electrochemical diﬀusion of the ions.79 The transport of ions that regenerate the initial
equilibrium is an active procedure carried out by the ion pumps. There is a brief time
interval, called the refractory period, during which the membrane is not excitable between
two successive action potentials.
In the case of cardiac muscle, the action potential is the signal that activates the con-
traction of the cardiomyocytes by propagating from cell to cell over the whole tissue. There
are, nonetheless, preferential pathways along fast conducting bundles that eﬀect the orga-
nization of the contraction of the chambers.
The rhythmic sequence of the cardiac cycle is initiated by the sinoatrial (SA) node and
regulated by the atrioventricular (AV) node. The sinoatrial node, known as the cardiac
pacemaker, is located in the upper front wall of the right atrium and is responsible for the
initiation of action potential propagation that contracts the atria. Once the propagation
reaches the atrioventricular node, situated in the lower right atrium, it is conducted through
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Figure 1.6 – Picture of an early ECG recording performed by Willem Einthoven in 1903.
the bundle of His, the left and right bundle branches, and to an extensive network of
Purkinje ﬁbers which trigger the contraction of the ventricles. The AV node regulates the
timing of transmission of the excitation to the ventricles, creating a delay between the
contractions of the two groups of chambers which enhances the ﬁlling of the ventricles prior
to their contraction.
The physiological activity of the myocardium involves associated electromagnetic phe-
nomena that are expressed as electric potential dynamics inside the entire body. As early
as in the 19th century it became clear that the heart generated electricity. The ﬁrst to
systematically approach the heart from an electrical point of view was Augustus Waller,
working in St Mary’s Hospital in Paddington, London.107 He used a mercury capillary elec-
trometer to measure the electromotive changes on the body surface arising from the beat
of the mammalian heart, and of the human heart in particular (ﬁgure 1.5).
1.3 Body surface potentials and Electrocardiogram
The electromagnetism linked to the electrophysiology of the heart is a direct expression of
the cardiac mechanical function. Hence, the observation of the electric activity as body
surface potentials (BSP) is an eﬃcient and non-invasive manner of estimating the func-
tional state of the heart. The time course of the resulting potential diﬀerences between
any two points on the body surface is called Electrocardiogram (ECG). Following Waller,
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Figure 1.7 – Electrode positions of a standard 12-lead ECG and the derived leads. The three limb
electrodes form an equilateral triangle in the frontal plane called the Einthoven triangle (right panel).
The potential reference for all other leads is Wilson’s Central Terminal (WCT) deﬁned as the mean value
of the potentials at electrodes VR, VL and VF, corresponding to the position of the center of gravity of
Einthoven’s triangle.
a major breakthrough in cardiac electrophysiology was reached when Willem Einthoven,
working in Leiden, the Netherlands, used a string galvanometer in 1901 to record ECGs.
By measuring the potential diﬀerences between the two hands and the left foot (ﬁgure 1.6),
Einthoven assigned the letters P, Q, R, S and T to the various deﬂections, and described
the electrocardiographic features of a number of cardiovascular disorders.24 He received the
Nobel Prize in Physiology or Medicine for his discovery in 1924.
Nowadays, the electrodes used in clinical practice to record the standard 12-lead ECG
are placed on the two hands (VR and VL), the left foot (VF), and at six precordial positions
(V1 to V6) as presented in ﬁgure 1.7. These nine electrodes located over the surface of the
human body capture the electric activity of the heart from diﬀerent angles reconstructing
the spatial dynamics of the heart’s electric activity. A display of the three limb leads in
the form of a triangle on the frontal plane is referred to as Einthoven’s triangle. The mean
value of the instantaneous potentials, is used as the reference of the ECG signals, known
as the Wilson Central Terminal (WCT) reference (ﬁgure 1.7).
The ECG is the prime tool in cardiology, and has its main function in screening and
diagnosis of cardiovascular diseases in clinical practice. Because of the strong link (direct
and indirect) between cardiac function and electric potential dynamics observable on the
body surface, many cardiac diseases can be monitored through the expressed potential dif-
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Figure 1.8 – An example of standard ECG recording during normal sinus rhythm. The twelve
derivations are potential diﬀerences speciﬁcally deﬁned between electrodes. I, II and III are potential
diﬀerences between the limb electrodes as shown in ﬁgure 1.7. aVR, aVL and aVF are the “augmented”
VR, VL and VF, respectively, signifying the 1.5-fold voltage between the corresponding electrode and
the WCT reference. This is a historical custom in which, for instance, aVR was measured as V R −
1
2 (V L + V F ), which simply resulted as aV R =
3
2V R. V1 to V6 are the potential diﬀerences between
the corresponding precordial electrodes and the WCT reference.
ferences. According to the well-established deﬁnition of waveforms observable on each lead,
the ECG has a wide use for indicating pathologies such as cardiac arrhythmias, ischaemia,
or conduction abnormalities.
1.3.1 Vectorcardiogram
Cardiac activity expressed as electric potential diﬀerences over the body surface is a pro-
jection of the dynamics of the heart’s electric sources onto a surface (body). It is the result
of the electric conduction of the generated currents through the inhomogeneous volume
conductor that the human thorax is. The signals observed on the body surface contain
spatial information concerning the electric activity of the heart. One of the methods used
for describing the heart’s electric activity approximates the generator as one current dipole
placed inside a homogeneous thorax. The resulting estimate is called the vectorcardiogram
(VCG).
The VCG is a characterization of the total activity of the heart using three time-varying
signals as the strengths of the xyz components of a current dipole in a homogeneous thorax.
Each component is derived from a linear combination of potentials observed at dedicated
electrode positions (e.g. ﬁgure 1.9), of which the best-known variant is that proposed by
Frank in 1956.26 The details and theory of VCG are explained in Chapter 5.
1.4 Cardiac arrhythmias and atrial ﬁbrillation
Among abnormalities of the cardiovascular system, historically the most studied is cardiac
arrhythmia∗. Drug therapies were already carried out in the 18th century, while the inves-
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Figure 1.9 – An example of a VCG lead system. The components of the three-dimensional vector
are derived as weighted sums of the potentials measured at dedicated electrode positions.64
tigation of the electromotive aspect of cardiac arrhythmia, as summarized above, started
in the 19th century.106
There are mainly three types of cardiac arrhythmias: bradycardia, tachycardia and ﬁb-
rillation. Bradycardia is a slow rhythm of less than 60 bpm, that may be life threatening.
Tachycardia is considered present when the heart rate is above 100 bpm, and dangerous
only when it exhibits irregular activity. The normal fast rate developed by exercise is called
sinus tachycardia. The most serious variety of arrhythmia is ﬁbrillation. This occurs when
the heart muscle adopts a quivering motion instead of a normal, regular rhythm. Fibril-
lation can occur in the ventricles (ventricular ﬁbrillation) or the atria (atrial ﬁbrillation);
Ventricular ﬁbrillation (VF, Vﬁb) is always a medical emergency. If left untreated, ventric-
ular ﬁbrillation will lead to death within minutes. When a heart goes into Vﬁb, eﬀective
pumping of the blood stops. Vﬁb is considered a form of cardiac arrest, and an individual
suﬀering from it will not survive unless cardiopulmonary resuscitation (CPR) or electric
deﬁbrillation is provided immediately. Atrial ﬁbrillation is the quivering, chaotic motion in
∗The heart was recognized as the center of life as early as in the epoch of the ancient Egyptians. It
was believed to be stimulated by the Sun-God as his expression in man, as the source of wisdom and
soul. Irregular or feeble pulse was a sign associated with diseases, and eventually death. The treatment of
cardiac arrhythmias was therefore of foremost importance. As a parallel, the most recent trend is, following
the vogue of life science, the quest for identifying signs in genetics as explanations for idiopathic cardiac
dysfunctions such as sudden cardiac death.
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the atria.72,73,83 Although it does not typically give rise to a direct medical emergency, it
is often a cradle of more severe pathologies as will be presented in the next section. The
center of interest of this study is atrial ﬁbrillation.
1.5 This thesis
Historically, electrocardiology has been focusing its interest on the entire cardiac cycle, and
speciﬁcally on ventricular activity. Ventricular disorders have been studied in depth because
of their acute severity. Atrial arrhythmias, on the other hand, have not been the focus of
intense research until recently. There are several reasons for this, but it is notably because
atrial disorders are often not directly linked to death, and also because the expression of
atrial activity observable on the standard 12-lead ECG leads is so small that it was long
considered to be unsuitable for diagnostic procedures.
This thesis, part of the work of the Lausanne Heart group, aims at unveiling the ex-
pression of atrial activity on the body surface. It does so by studying the need for, and
potential of ﬁnding ECG leads dedicated to atrial ﬁbrillation. One of the important moti-
vations that initiated this work is that the primary ECG, be it conceived by Einthoven or
adapted later by other electrophysiologists, was founded on a heuristic and empirical basis,
inspired by a quite primitive insight into the dynamics of the electric activity of the heart.
Qualiﬁcation of the cardiac activity by the signals recorded by the nine electrodes placed at
their dedicated positions literally follows the practice of methodologies established almost
a hundred years ago. Although the global usefulness of the standard ECG is proven by the
history of electrocardiology, it is by no means certain that the actual lead system is optimal
for the analysis of atrial ﬁbrillation.
The message of this thesis is, indeed, that the conventional, standard 12-lead ECG
system is not optimal for studying some types of cardiac arrhythmias, notably atrial ﬁbril-
lation (AF), and that there are other methods of handling body surface potentials within
the limitations of an easy-to-use non-invasive clinical practice and current equipment. This
ﬁnal section of the general introduction describes the focus of the studies, the background
of the problems, the objectives, and provides an overview of the speciﬁc topics that are
treated in the subsequent chapters.
Each chapter constituting the body of this thesis was the speciﬁc topic of a research
task, corresponding to accepted or submitted journal papers. The references are shown at
the end of my Curriculum Vitae.
1.5.1 Atrial ﬁbrillation in the heart of modern society
Atrial ﬁbrillation (AF, Aﬁb) is the most common form of sustained cardiac arrhythmia in
humans. In a recent study, it was established that 2% of the general population is aﬀected,
while the prevalence increases to over 10% in the elderly over 65 years.13,27 The prevalence
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Figure 1.10 – An example of waveform of a cardiac cycle observed on the standard ECG. (A) During
normal sinus rhythm. The labels by the waves are those deﬁned by Einthoven. The P wave reﬂects the
depolarization of the atria. The QRS complex represents the depolarization of the ventricles, and the
T wave reﬂects their repolarization. (B) During AF. The P wave is replaced by a continuously ongoing
series of AF wavelets.
continues to rise as the general life expectancy increases. Electropathophysiologically, AF
is an electric propagation disorder of atrial cardiomyocytes caused by functional or histo-
logical anomaly of the tissue, in which the regular periodic action potential propagation
from the sinoatrial node is replaced by disorganized, meandering multiple wavelets over
the whole surface of the atria. Moreover, repetitive or sustained chronic AF modiﬁes the
electrophysiological and even the structural property of the cardiac tissue in an irreversible
pathological way. Development of thrombosis due to the stagnant blood in the atria can
eventually induce a cerebral embolism. At the present time, noninvasive curative treatment
is not possible.
The interest in AF has grown, related to the socioeconomic impact of this pathology.
However, the information regarding the atrial electric activity is limited, which clearly ham-
pers the diagnostic procedures. As can be seen in ﬁgure 1.10a, atrial activity accounts for
only a small portion of the cardiac cycle observed as body surface potentials, namely the P
wave. The magnitude of the electric activity in ventricles is much stronger(especially the
left ventricle) compared to that of the atria. The small amount of information on normal
atrial activity available is replaced during AF by a ﬁbrillatory wave (f wave) having a very
low amplitude (ﬁgure 1.10b).
The questions that arose and motivated the research were the following:
• What can we see of atrial electric activity on the body surface?
• Can we learn more about atrial ﬁbrillation from body surface potentials?
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• How can we capture the information more eﬀectively?
Integrated research: biophysics and signal processing
In order to research which information is contained in the body surface potentials that
express the electric dynamics of the atria, computer modeling and signal processing ap-
proaches were integrated in the work presented in this manuscript.57
1.5.2 Atrial repolarization as observable during the PQ interval (chapter
2 )
In this chapter, the focus is on the clinical body surface potentials during normal atrial
electric activity. It has long been believed that the only content of atrial activity observ-
able on the body surface was its depolarization phase in a normal cardiac rhythm (the P
wave), and that everything else was totally hidden in the following sequence of ventricular
activation. This was considered as “common sense” in cardiology, and even the deﬁni-
tion of electrocardiography characterizes the signals in the period succeeding the P wave
as “electrically silent”. This is believed even these days, although several observations in
the past have indicated that potential dynamics was present in this segment on the body
surface potentials.69,89
The objective of this study was to assess the involvement of atrial repolarization in body
surface potentials. To this end electrocardiograms of healthy subjects recorded using a 64-
lead system were analyzed. The data analysis focused on the PQ intervals, while devoting
special attention to the low-amplitude signals during the PQ segment: the segment from
the end of the P wave till onset QRS. The data were analyzed by inspecting body surface
potential maps and the XY Z signals of the vector cardiogram. Standard P wave features
such as the amplitude or vector direction were found to have normal values.
The positions on the thorax exhibiting local potential extremes were studied. By deﬁn-
ing speciﬁc time features respectively at the apex of the depolarization phase and in the
middle of the PQ segment, the distributions of potential extremes as well as the dipole
polarity and magnitude were documented.
1.5.3 Adaptation of the standard 12-lead ECG system dedicated to the
analysis of atrial ﬁbrillation (chapter 3 )
The work presented in chapter 2 shows that during normal activity, the main features of
body surface potentials of atrial activity appeared at locations far from those covered by
the standard lead system. In the work presented in chapter 3, the interest was focused
on the signals of atrial ﬁbrillation. Based on previous observations, the goal was to search
for a combination of a limited number of electrodes that maximizes, within the practical
constraints, the capture of the dynamics of AF signals.
The objective of this study was to design a new lead system aimed at studying atrial
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ﬁbrillation, more oriented to the extraction of information, while being anchored to the
existing standard 12-lead ECG system. It was prompted by our current interest in the
search for a classiﬁcation of diﬀerent types of AF and their relationship with the underlying
etiology of the disease.
The locations of 4 of the 6 precordial electrodes were optimized, while leaving the
remaining 5 of the 9 electrodes of the standard 12-lead system in place. The analysis
was based on episodes of 11 diﬀerent variants of AF simulated by a biophysical model of
the atria positioned inside an inhomogeneous thorax. The optimization criterion used was
derived from the singular value decomposition of the data matrices. While maintaining
VR, VL, VF, V1 and V4, the 4 new electrode positions increased the information content
obtained from the body surface potentials during AF. In an independent evaluation, the
same procedure was carried out by applying the new (OACG: optimized atriocardiogram)
leads to each of the other 25 inhomogeneous models of the thorax, and comparing the
information content in each of the 11 AF episodes when using the electrodes of the new
lead system as well as those of the standard leads.
1.5.4 Performance of a lead system dedicated to atrial ﬁbrillation: ap-
plication to clinical data (chapter 4 )
A new lead system has been designed in a biophysical model-based investigation presented
in chapter 3. The positions of the 9 electrodes of the standard 12-lead ECG system were
optimized, within constraints of practicability, with respect to the information extraction
from atrial activity during AF. The work presented in this chapter is the application of
the OACG lead system to clinical signals in order to assess the actual performance of the
underlying methodology. It is an ongoing study for which we so far lack a suﬃcient amount
of clinical data recorded with the OACG lead system. According to the initiative of the
NAF project, New look at Atrial Fibrillation, formulated by the Lausanne Heart Group,
we started documenting clinical recordings of body surface potentials from patients with
AF in 2003. A gross total of over 120 recordings of individual patients are to be found in
the database so far. The original project was conceived using the standard ECG and its
heuristic variant, the ACG lead system only.
The objective of the study presented is to evaluate the performance of a lead system ded-
icated to the analysis of atrial ﬁbrillation in its application to clinical data. The diﬀerence
between simulated AF and clinical recordings is the inevitable inclusion of the ventricular
components in the signals. In order to obtain continuous sequences of atrial activity only,
the ventricular activity is considered as undesirable perturbation and is removed.
AF signals were recorded from 30 patients at the nine electrode positions of the stan-
dard 12-lead ECG, as well as of those of two novel lead systems, ACG and OACG. After
cancellation of the ventricular signals, an information measure was derived from the singu-
lar value decomposition of the atrial signals. The resulting values obtained from the three
lead systems were compared.
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1.5.5 Vectorcardiographic lead systems for the characterization of atrial
ﬁbrillation (chapter 5 )
The electric (current) source of the atria as is explained in chapter 3 can be approximated
in a mathematical context by an equivalent current dipole source inside a homogeneous
volume conductor.78 In a theoretical point source representation of distributed sources,
the double-layer sources over a closed surface (atria) can be reformulated with a Taylor
series expansion representing an inﬁnite sum of current multipole sources. However, the
nature of higher-order terms, i.e. the m-th order moments of the multipole expansion
varying inversely with rm+1, r the distance between the source and the observation point,
justiﬁes the practicability of describing the physical source as a single dipole inside the
thorax responsible for the potential distribution observed over the body surface. That is to
say, the point source of dimension zero is physically meaningless for it would indicate an
inﬁnitely charged point current source inside the human body. The characterization of the
electric cardiac dynamics is represented by the time course of a current dipole source. The
interpretation of the body surface potentials as those expressed by the equivalent dipole
source is called the vectorcardiogram (VCG).
The objective of this study was to design a VCG lead system dedicated to the analysis
of atrial ﬁbrillation. The motivation for using the vectorcardiogram for the analysis of AF
relates to the fact that the chaotic nature of the electrocardiographic signals during AF so
far has prevented the selection of spatio-temporal signal features that might be used in the
classiﬁcation of diﬀerent types of AF.
This study aimed at designing an electrode conﬁguration requiring at most 9 electrodes,
the number involved in the standard 12-lead ECG, and its associated matrix of transfer
coeﬃcients. The work includes a thorough treatment of the methodology for the model-
based design of limited lead systems, and highlights basic properties of the involved, required
transfer matrices that so far seem to have escaped attention.
Atrial repolarization as
observable during the PQ
interval 2
2.1 Introduction
EVALUATING the electric activity of the heart through assessment of body surfacepotentials is the most commonly used, noninvasive approach for the diagnosis of cardiac
arrhythmias. The current clinical interest in the electrical activity of the atria, with its focus
on atrial ﬁbrillation (AF), has revealed the relatively scarce knowledge that is available
concerning the information content of P wave morphology. In the context of attempting
to ﬁll in various gaps existing in the understanding of such wave forms, the present work
investigated the involvement of atrial repolarization process during the PQ interval. This
process is usually assumed to coincide exclusively with, and thus be masked by, the QRST
complex. Since the amplitudes of the atrial signals observed on the thorax are of the order
of 100 μV and considerably lower during the PQ segment, special attention was given to
the preprocessing of the data, in particular to the identiﬁcation of the baseline. For this
reason, the various steps taken are described in some detail.
2.2 Materials
Electrocardiograms, simultaneously recorded by using a 64-lead system, were taken from
75 healthy volunteers (57 males, 18 females). The recruitment aimed at including a wide
range of ages and constitutional variables.
The data comprises the recordings of 50 subjects (42 males, 8 females) (database:
DB193) observed using the ”Nijmegen” lead system,37,39 and 25 subjects (15 males, 10
females) (database: DB241) observed using the ”Amsterdam” lead system.39,87 The main
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statistics on the age of the subjects are shown in table 2.1. The full speciﬁcation of the
constitutional variables of the subjects in DB2 were documented in a previously published
paper.103
Physical examination of the subjects, including the measurement of blood pressure,
analysis of the standard 12-lead ECG, echocardiography and anamnesis, revealed no trace
of any cardiac disorder. No hypertensives were included; left atrial dimensions were within
normal limits.
The electrodes in both systems are distributed over the entire surface of the thorax,
with a higher electrode density in the pre-cordial region.39 Both lead systems include the
positions of the nine electrodes of the standard 12-lead ECG, as well as the seven electrodes
of the Frank VCG26 as subsets.
For the subjects in DB1, the 64 signals were recorded simultaneously at a sampling rate
of 500 samples per second (sps) with 2 μV resolution, using a hardware high-pass ﬁlter at
0.05 Hz. The signals of the 25 subjects in DB2 were recorded with bandpass ﬁlter settings
of 0.16-100 Hz and sampled at 1000 sps, with 0.7 μV resolution.41 The recordings were
made with the subjects at rest in the supine position; the mean heart rate of the subjects
was 61.9 ± 8 (mean ± SD) beats per minute; range: (50-82), median: 62.
Age statistics Number of subjects
(year) mean ± SD
(min, median, max)
Male Female All
DB1 42 8 50
39.8 ± 15 43.0 ± 9.3 140.3 ± 14
(19.5, 41.3, 69.5) (27.4, 46.1, 54.1) (19.5, 42.6, 69.5)
DB2 15 10 25
40.3 ± 14 33.8 ± 12 37.7 ± 13
(26.0, 34.2, 64.9) (23.8, 29.1, 62.2) (23.8, 33.4, 64.9)
All 57 18 75
39.9 ± 15 37.9 ± 11.6 39.4 ±14
(19.5, 35.7, 69.5) (23.8, 36.1,62.2) (19.5, 36.1, 69.5)
Table 2.1 – Basic statistics on the age of the subjects studied, speciﬁed by gender and data base.
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2.3 Methods
2.3.1 Deﬁnition of terms
The analysis of the atrial signals presented in this chapter relates to the entire depolar-
ization and repolarization process of the atria. Because of this, rather than referring to
signal components in individual leads, features were used that characterize the entire pro-
cess. Their timing was extracted from the root-mean-square curve RMS(t) computed from
all recorded lead signals, after application of the zero-mean reference. By denoting the
potential of any individual lead l by Vl(t), the function RMS(t) is deﬁned as:
RMS(t) =
√√√√ 1
L
L∑
=1
V 2 (t), (2.1)
with L the number of leads. This function is positive only; it provides an overall view
of the depolarization and repolarization processes of the entire heart, in a manner that
is largely independent of the lead system used. An example of an RMS curve, computed
from the 64-lead data of one subject, is displayed in ﬁgure 2.1. As is shown by the dashed
trace in ﬁgure 2.1(a), it clearly identiﬁes the onsets and endpoints of the P waves and QRS
complexes of the subsequent beats. After application of the baseline correction described
below (solid line) the quality of these markers is clearly enhanced.
Figure 2.1(b), an exploded view of the PQ interval of the RMS curve, is used to
illustrate the deﬁnitions of the various terms used. The PQ interval is taken to be the
interval between the timings toP and toQ, which denote the onset of atrial depolarization and
that of ventricular depolarization, respectively. This interval is frequently, but imprecisely,
referred to as the PR interval.63 The maximum of the RMS curve is denoted by Papex, its
timing by tPapex. The timing of the maximum curvature of the down slope of the RMS
curve following Papex is taken to signify the end of atrial depolarization. It is a time instant
similar to that of the J point; the point marking the end of the QRS complex and the
beginning of the following part. This time instant is denoted by tJa. These time markers
thus deﬁne the duration of the P wave as the interval between toP and tJa. Finally, the
interval from tJa to toQ is referred to as the PQ segment.
2.3.2 Processing the signals
The signals that had been sampled at 500 sps were up-sampled to 1000 sps by means
of spline interpolation. This clearly facilitated their subsequent analysis. From the data
set, for each subject, episodes of 10 s were selected showing a stable baseline in all of the
lead signals. In about 1% of all of the recorded signals this required a correction due to
poor electrode contact. This correction was performed by using the method described by
Oostendorp et al.76
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Figure 2.1 – RMS curves, derived from 64-lead data of one of the subjects, used for deﬁning features
and used in the various preprocessing steps. (a) Dashed line: RMS curve derived after a crude, initial
baseline correction. Solid line: RMS curve after spline based baseline correction at the onsets (the circles)
of the P waves in about 10 successive beats. (b) RMS curve of the PQ interval, with an indication of
the deﬁnition of the terms used.
Baseline correction
The time instants of the onsets of the P wave, toP, in all subsequent beats, were identiﬁed
automatically from the RMS curve. These time instants were taken as markers indicating
the smallest involvement of the ventricular electrical activity in the data observed on the
thorax. Note that “the end of the T wave”, estimated by whatever method, does not
share this property. This poorly deﬁned concept (“the end of the T wave”), supposedly
characterizes the end of ventricular repolarization. The latter would mark the natural
endpoint of any baseline correction. However, because such endpoints may be considerably
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aﬀected by the presence of U waves, we used the latest available point: the onset of the
next P wave.
Based on the observed values at the time instants toP, a spline-based automatic baseline
correction was performed, applied individually to all of the 64 signals of each subject.
Selection of PQ segments
In the signals obtained after baseline correction electric noise and muscle tremor artifacts
were reduced by the application of a low-pass moving average ﬁlter taken over 20 samples,
which has its ﬁrst cut-oﬀ frequency at 50 Hz. The RMS curve of the ﬁltered signals was
used as an overall check of the previous processing steps. Next, this curve was used to
identify the various timing makers described above. The onset of atrial depolarization was
taken to be toP as identiﬁed during the baseline correction procedure. The end of the PQ
interval, toQ, was taken to be the time instant of the maximal curvature of the RMS curve
in the time interval preceding the fast upstroke of the QRS related part of the RMS curve.
From the resulting PQ intervals, a single episode of the processed lead signals was used in
the subsequent analysis. For each of the subjects this resulted in a data matrix Ψ of size
(64×NT ), with NT the number of samples, typically being 170.
Selection of PQ segments
The XYZ components of the vectorcardiogram (VCG) V were computed from the signals
observed at the position of the seven Frank electrodes, by applying the coeﬃcients of Frank’s
transfer matrix F,26 hence V = FΨ. Matrix V has size (3×NT ); its three rows represent
the signals X(t), Y (t), Z(t) of the vectorcardiogram.
2.3.3 Extracted features
The following features were extracted from the PQ segments.
From the RMS curve:
The following features were selected from the RMS curve (See ﬁgure 2.1(b)).
PQ duration: PQdur= toQ − toP
P wave duration: Pdur = tJa − toP
Duration PQ segment: PQseg = toQ − tJa
Timing of apex: tPapex
Amplitude of the apex: Papex = RMS(t = tPapex)
Timing mid-PQ: tmidPQ = (tJa+toQ)/2
Amplitude halfway the PQ segment: PmidPQ = RMS(t = tmidPQ)
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The choice of mid-PQ identiﬁes a point in time where the depolarization of the atria
may be considered as complete, while also well clear of the onset of depolarization of the
ventricles.
From the 64-lead signals:
For each subject, the leads were identiﬁed showing the maximal (positive) and the minimal
(negative) potential values at t = tPapex. The corresponding, observed extremes are denoted
by P+apex and P
−
apex, respectively. Similarly, the lead positions showing extreme potential
values at t = tmidPQ were identiﬁed, as well as the corresponding extremes P+midPQ and
P−midPQ.
From the VCG
The X(t), Y (t), Z(t) components of the VCG were used to construct the signal M(t)
describing the time course of the spatial magnitude of the (P wave) vector: M(t) =√
X2(t) + Y 2(t) + Z2(t). The azimuth, elevation and magnitude values of the vector at
t = tPapex as well as at t = tmidPQ were added to the list of features. The azimuth and
elevation were the conventional angles as used in vectorcardiography, ϕ and θ as shown in
ﬁgure 2.3c, respectively.
2.3.4 Statistics
When possible, the observed features will be documented by their (mean ± SD) values, as
well as their range. However, some of the features have the nature of directional data.66
These are the locations of the leads exhibiting extreme potential values and the vector
directions at the time instants t = tPapex and t = tmidPQ.
Distribution of leads showing extreme potential values
The locations of leads showing extreme potential values were mapped on a standard ge-
ometry derived from the magnetic resonance imaging of the thorax of a male subject. The
surface was discretized by a triangular mesh comprising 364 nodes and 724 triangles. The
nodes included the coordinates of the 64 leads of both the Amsterdam and the Nijmegen
lead system. The number of times any individual node was identiﬁed as locating, say,
P+apex, was counted, resulting in lead speciﬁc values Nl (0  Nl  75). Because of the two
diﬀerent lead systems involved and the relatively low number of subjects (75), the method
for displaying the distribution of these values over the thorax was not immediately obvious.
We based the method used here on Parzen estimation (see Chapt. VI of68) now usually
referred to as the Kernel Density Estimation (KDE).80 It involves estimating a continuous
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density function from observed (discrete) data. To this end, an assumed basic density func-
tion (kernel) is centered at each observed data point and the estimated density is found by
adding up the contributions of all of the resulting kernel functions. For our application to
a closed surface, the kernel function chosen was the Gaussian function:
f(d;σ) =
1√
2πσ
e−
1
2
(d/σ)2 , (2.2)
with d the distance between an observed data point and the position where the function
needs to be evaluated, and σ a parameter setting the shape of the kernel, which inﬂuences
the spatial smoothness of the ﬁnal result. The distance variable used was taken over the
surface between any lead position showing an extreme potential value and any of the other
nodes specifying the thorax geometry. The distances were computed by means of the
shortest path algorithm applied to the individual edge lengths of the triangles.108 The
integral of the resulting density function over the entire surface was forced to be one.
The resulting density function was studied by plotting its isofunction lines. The latter
form demarcation lines for areas encompassing a given percentile of the observations, with
increasing number of observations being enclosed as their contained area increases. The
shape parameter was increased until individual “islands” around individual lead positions
were no longer found.
Directional statistics
By their nature, the orientations of vectors in 3D space constitute directional data. The
statistical handling of such data has been discussed extensively in the literature.66,97 In the
electrocardiographic literature, for the problem in hand, two statistics have been adopted
from the general literature: the prevalent direction and the spatial precision.22 These are
measures similar to the mean and standard deviation of single variates, respectively. By
denoting the intersection of any vector V with a unit sphere by its components (xi, yi, zi),
the prevalent direction is that of the vector x¯+y¯+z¯ , with the bars denoting the mean of the
variables. The spatial precision is
√
x¯2 + y¯2 + z¯2, a variable having a range of [0,1]; where
0 corresponds to a distribution randomly, uniformly scattered over a sphere, and 1 to the
situation in which all samples are concentrated at the same coordinates. These statistics
are used in the results section, where appropriate. However, as will be shown, the vectors
around the prevalent direction are by no means distributed axially around this direction.
Hence, the various statistical tests designed for this kind of problem cannot be applied.
Instead, density functions will be shown, drawn on a unit sphere, the kernel function now
being the von Mises distribution function66
M(θ;κ) = pκeκ cos(θ), (2.3)
with θ the angle between the two vectors specifying the observed vector direction and any
other point on the unit sphere, κ a shape parameter, and pκ a normalizing parameter.
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Durations and timings [ms] mean ± SD
(min, median, max)
PQ interval 170 ± 24
(122, 168, 285)
P duration 113 13 ± 24
(80, 113, 147))
PQ segment 57 ± 23
(10, 54, 176)
tPapex 70 ± 13
(45, 72, 118)
tmidPQ 146 ± 16
(113, 148, 201)
Table 2.2 – Basic statistics of timings and durations of 73 healthy subjects, derived from their RMS
curves. Deﬁnitions as indicated in ﬁgure 2.1b.
2.4 Results
When inspecting the raw ECG data, two cases in DB1 showed an insuﬃcient signal to noise
ratio in view of the low level P wave potentials. In DB2 one case was noted in which the
data were recorded during a period of P wave inversion. These three cases were excluded
from the subsequent statistical analyses; their exclusion did not produce any signiﬁcantly
diﬀerent change in any of the statistics.
2.4.1 From the RMS curve
The PQ intervals and the P wave durations were found to have the same orders of magnitude
as those previously presented in, e.g.,23,74. However, in contrast to the results of those
studies, no gender diﬀerences were observed in our data. An overview of the statistics of
the features derived from the RMS curve is shown in table 2.2.
2.4.2 From the 64-lead signals:
The observed locations of extreme potential values are displayed in ﬁgure 2.2 by means of
density maps drawn on the anterior thorax. The shape parameter κ of the Gaussian kernel
used for the KDE was 8 cm. The black dots represent the locations of the nine electrodes
of a standard 12-lead ECG. At t = tPapex, the extreme positive potentials were observed
in the region below the V2 lead position (ﬁgure 2.2b); the accompanying extreme negative
values were observed in the upper right chest. At t = tmidPQ, approximately the same
2.4. Results 25
Figure 2.2 – Estimated densities of the location of the extreme potential values as observed in the
64-lead signals of 73 healthy subjects. The black dots indicate the locations of the nine electrodes of
the standard 12-lead ECG. Successive contour lines are drawn at increments of 10% of the total number
of observations. (a) Location of extreme negative values at t = tPapex, (b) Location of extreme positive
potentials at t = tPapex. (c) Location of extreme positive potentials at t = tmidPQ, (d) Location of
extreme negative potentials at t = tmidPQ
.
regions were found, now for extremes having a reversed polarity. These extreme potential
values, observed at the respective time instants, are documented in table 2.3.
2.4.3 From the VCG
In ﬁgure 2.3 the directions of the observed dipole source vectors at t = tPapex and t =
tmidPQ are shown, plotted on a unit sphere by means of their estimated density. The
shape parameter of the von Mises density function, a dimensionless factor, was set at
50. The corresponding vector magnitudes and directions are presented in table 2.4. The
26 Chapter 2. Atrial repolarization during PQ interval
Potentials [μV] mean ± SD
(min, median, max)
tPapex tmidPQ
Extreme positive value 55 ± 17 36 ± 13
(22, 53, 133) (8, 35, 70)
Extreme negative value -93 ± 33 -33 ± 13
(-189, -93, -34) (-76, -31, -16)
Max diﬀerence 148 ± 45 69 ± 23
(70, 147, 288) (25, 68, 138)
Table 2.3 – Basic statistics of the extreme potentials of 73 healthy subjects as observed on the 64
leads at times t = tPapex , the timing of the apex of the RMS curve, and t = tmidPQ , the timing of the
middle of the PQ segment. (see ﬁgure 2.1b)
axes labeling used was set according to the standard VCG display convention shown in
ﬁgure 2.3c.22? Figure 2.3a shows a main dipole vector at t = tPapex that is directed from
the back of the right shoulder to the left leg. As shown in ﬁgure 2.3b, at t = tmidPQ the
main vector showed an approximately reverse direction. The spatial orientation of Papex
presented in the literature23 for males is indicated by a black cross in ﬁgure 2.3a, which lies
within the 20% density contour. An example of the vector data of one subject during the
PQ interval (187 ms) is presented in ﬁgure 2.4. Like shown in this ﬁgure, the vector loops
during the P wave revealed maximal values of the spatial magnitude M(t) at time instants
that were close to tPapex. In other subjects, the clear majority of the loops in the horizontal
plane (88%) had counter-clockwise orientations, like the one in ﬁgure 2.4a. A similar result
was found in the left sagittal plane: 92% of the loops having a counter-clockwise orientation
such as the one in ﬁgure 2.4d. By contrast, in the frontal plane the orientation of the loop
was less uniform: 28% revealed a clockwise orientation like the one in ﬁgure 2.4c. Because of
the onset of ventricular depolarization, the vector loops related to the atrial T waves could
not be followed to their conclusion. However, those parts visible, as shown in ﬁgure 2.4,
generally showed directions that were opposite to those of the mean vectors during the P
wave. The magnitudes following tmidPQ tended towards lower values.
2.5 Discussion
The characteristics of the observed P waves are in agreement with those previously de-
scribed in the literature.19 To these characteristics, owing to some dedicated preprocessing
steps of the signals like an appropriate baseline correction, the description of a substantial
involvement of atrial repolarization during the PQ segment could be added. The analysis
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Figure 2.3 – Directional representation of the dipole source orientations. (a) Dipole vector directions
during atrial depolarization at t = tPapex. The white dots indicate the individual vector directions of
73 healthy subjects. The color map is the estimated continuous density. Increments of 10% between
successive density lines. The large black dot indicates the position of the mode of the density and the
cross is the direction presented in the literature.22 (b) As in ﬁgure 2.3a, but now during repolarization
at t = tmidPQ.(c) Deﬁnition of the vector axes and the vector angles: azimuth and elevation .
Vector data
tPapex tmidPQ
Vector magnitude [μV] 96 ± 32 30 ± 14
(40, 92, 209) (5, 30, 86)
Prevalent direction [deg] ϕ = 9; θ = 50 ϕ = -132; θ = -45
Spatial precision 0.84 0.75
Angle of corresponding dispersion cone [deg] 33 41
Angle between the prevalent directions
at the two time instants [deg] 135
Spatial precision 0.9
Angle of corresponding dispersion cone [deg] 26
Table 2.4 – Basic statistics of the vector data at times t = tPapex, the timing of the apex of the RMS
curve and t = tmidPQ , the timing of the middle of the PQ segment. The azimuth ϕ and elevation θ
angles of the vectors are as deﬁned in ﬁgure 2.3.
of low level ECG potentials demands great care, as was realized right from the start in the
earlier studies on P waves, the PQ segment, the STT segment and the U wave.89 The use of
the RMS curve, in particular when applied to signals referred to zero-mean and supported
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Figure 2.4 – Example of the vector data during the PQ interval (duration 187 ms) in one of the
subjects. The trajectory of the vector displayed in three planes: (a) horizontal, (c) frontal, and (d) left
sagittal. The solid line is used during the duration of the P wave, whereas the dashed line represents the
PQ segment, drawn to a diﬀerent amplitude scale. The corresponding amplitude scales are expressed
in μV. The circles indicate the instant of t = tPapex, the crosses indicate t = tmidPQ. (b) The vector
magnitude M(t) and its components X(t), Y (t), and Z(t). The PQ segment is shown in dashed lines,
drawn to the same scale.
by a spline-based baseline correction, provided a clear view of the overall timing of the
depolarization and repolarization processes of the heart as observable from the ECG. This
was used previously for the analysis of the low-level potentials by Mervis.69 By compar-
ing their deﬁning equations it can be seen that, apart from a scaling factor, the RMS(t)
curve may be viewed as a generalization of the spatial magnitude function M(t) used in
vectorcardiography.
2.5.1 Locations of extreme potentials
During the P wave, the locations of the extreme positive and negative surface potentials
were observed in regions not included in the standard 12-lead system (ﬁgure 2.2a, b).19,69
2.5. Discussion 29
Figure 2.5 – (a) Body surface map of the potential generated by a dipole with magnitude proportional
to the mean vector at t = tPapex (top row of table 2.4) and having the corresponding prevalent direction
(second row of table 2.4) located inside a homogeneous, thorax shaped volume conductor. (b) Location
of the dipole (heavy dot) indicated in a cross-section of the thorax. The heavy dots indicate the locations
of the electrodes of the standard 12-lead ECG. The level of the cross-section is at the center of gravity
of the myocardial mass of the atria, whose outline is indicated. The level is indicated by the heavy black
line in ﬁgure (a). Isopotential lines in ﬁgure (a) drawn at 10 μV intervals, with the heavy line denoting
zero with respect to the zero mean thorax potential reference.
This suggests that better lead positions may be found for monitoring and analyzing atrial
signals. This idea is currently investigated in our group. Preliminary results of the analysis
of AF signals have corroborated this hypothesis.47 Approximately the same locations were
identiﬁed for the extremes at t = tmidPQ. The locations are similar to those previously
reported in the literature.
As an aside we note that these locations also correspond to the eﬃcacious positions
for the application of deﬁbrillation paddles.3,35 This should come as no surprise in view of
Helmholtz’s theorem of reciprocity (see, e.g.,77): when the electric source and the ﬁeld point
coordinates are interchanged, the resulting potential remains the same. In other words, in
order to transfer electric energy to the heart with the highest eﬃciency, one must apply the
power source at the locations where the heart’s electric activity is expressed most strongly.
...Similia similibus curentur∗.
The orientation of the line connecting the regions of extreme potential values, e.g.
those connecting the minima shown in ﬁgure 2.2a to the maxima shown in ﬁgure 2.2b,
∗In 1899, the principle of similars was diluted by changing the indicative to a subjunctive. Similia
similibus curantur became curentur.81 The weakening of the principle, in the English translation, is even
clearer: ‘like is cured by like’ becomes ‘let like be cured by like’ whereby it is diminished from a supposed
‘law of nature’ to a ‘method of treating disease’.
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may seem to be at odds with the corresponding vector directions, e.g. the one shown in
ﬁgure 2.3a. This apparent discrepancy is explained by the fact that the center of gravity of
the atrial myocardial tissue is located at a slightly anterior position inside the thorax. This
is illustrated in ﬁgure 2.5b. Figure 2.5 represents the body surface potentials generated by
a current dipole representing the dominant vector at t = tPapex (top row of table 2.4) having
the corresponding prevalent direction (second row of table 2.4) located inside a homogeneous
volume conductor. The thorax geometry (the same as in ﬁgure 2.2) is that of one of the
subjects, derived from magnetic resonance imaging of the subject (in DB2).41 The potential
distribution was computed by using our dedicated Boundary Element Method software.75
Note that locations of the extremes are similar to those shown in ﬁgure 2.2a and 2.2b and
that the ratio of the absolute values of the extreme potentials shown in ﬁgure 2.5 is similar
to what can be derived from the left column of table 2.3.
2.5.2 Involvement of atrial repolarization
Our observations during the PQ segment conﬁrm that, although the temporal behavior
of the individual signals is rather ﬂat, a clear spatial, almost stationary distribution is
present, and hence the PQ segment is not electrically silent.19,69 Currently, this fact is
rarely acknowledged. During the Computers in Cardiology 2005 meeting in Lyon, the only
presentations in which this fact was discused came from our group (www.lausanneheart.ch).
In other presentations, invariably, PQ segments coinciding with the baseline were shown,
probably, but incorrectly, caused by starting the application of the baseline correction
at the onset of ventricular depolarization. The almost reverse direction of the vector at
t = tmidPQ with respect to that at t = tPapex (ﬁgure 2.3) suggests discordant atrial T
waves, as do the observed locations of the extreme potentials. This in turn suggests a small
dispersion of the action potential durations of atrial myocytes.102 Usually, the PQ interval
is not long enough to reach the end of atrial repolarization. However, the observations
at t = tmidPQ, with subsequent diminishing vector magnitudes, indicated that the major
expression of atrial repolarization may well be on its return at the normal timing of the
onset of QRS. The results of a recent, model based analysis of atrial repolarization suggest
that action potential durations of atrial myocytes are much shorter than those resulting
from the commonly used Courtemanche model.16 In fact they are likely to be more in
agreement with those of the working atrial myocardium.29 A consequence of this would be
that the ECG signals throughout the PQ interval are aﬀected by repolarization processes.98
2.6 Limitations
This study was prompted during the setting up of a model aimed at supporting the analysis
of ECG signals during AF. The data for the full validation of such a model is not available,
and as a ﬁrst step the model was tested in an application to the normal P wave. It is
here that the interest in the PQ segment arose. The signals during the PQ segment of the
healthy subject studied showed clear,98 non-isoelectric potentials, and we were interested
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to see whether this might be due to a recording artifact. The results from the analysis of
the combined data available from two previous studies, as well as results from the literature
are discussed. The focus here was on the quantiﬁcation of potential magnitude during
the PQ segment of healthy subjects for which some reference data were available from the
literature on body surface potential maps and VCGs. No eﬀects of a multitude of various
other possible factors or pathology were studied. The derived model is currently used for
the analysis of the simultaneous presence and superposition of atrial depolarization and
atrial repolarization, or atrial repolarization and ventricular depolarization, both during
normal activation and during AF. In addition, it is used to establish which chamber is
contributing to which portions of atrial repolarization on the body surface. This can only
be accomplished by relating the surface events to what is going on electrophysiologically
in the heart at the same time. The model includes sophisticated elements for modeling
the myocardial sources, linked to electrophysiology as well as of the biophysics of linking
sources to body surface potentials. The results of the application of this model, extending
those already shown in98, will be presented at a later stage.
2.7 Conclusion
This study conﬁrms earlier reports that the PQ is not isoelectric. The time course of
the potential distribution is very similar to that at the apex of the P wave, but for a
reversed polarity and about 3-fold lower magnitude. The local potential extremes during
this segment were found at positions not sampled by the standard leads, which implies that
the positions of the standard leads are sub-optimal for studying the electric activity of the
atria. The results demonstrate a signiﬁcant involvement of atrial repolarization during the
PQ interval, and essentially discordant “atrial T waves”, suggesting a small dispersion of
atrial action potential durations. This study stresses the need for an appropriate signal
processing of the (low-level) atrial ECG potentials and introduces some new methods for
the directional statistics of the directions involved in the analysis of vectorcardiograms.
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Adaptation of the standard
12-lead ECG system
dedicated to the analysis of
atrial ﬁbrillation 3
3.1 Introduction
BEING the most commonly used tool for the non-invasive diagnosis of cardiac diseases,the standard 12-lead ECG measures the body surface potentials (BSP) as an expression
of the electric state of the heart. Historically, the interest of electrocardiology has been
focused on the electric activity of the ventricles: the nine electrodes of the 12-lead ECG
were positioned on the thorax in order to follow the global depolarization and repolarization
of the ventricles.1 It is therefore likely that the information content available from these
electrodes may not be optimal for studying atrial activity and, in particular, not if the
interest is focused on the diagnosis of atrial ﬁbrillation (AF).
A clearer view of atrial activity may be gleaned from the method of body surface
potential mapping (BSPM). This was in fact performed right after the early introduction
of this method.19,89 These studies have not led to any adaptation of the 12-lead system
that is used clinically. Moreover, this method so far has not been applied to the analysis
of AF. The more recent study of SippensGroenewegen et al.86 reported on the analysis
of BSPMs for the localization of the atrial foci responsible for atrial tachycardia, but the
general problem of extracting information from the ECG for the classiﬁcation of diﬀerent
types of AF was not addressed.
The current interest in morbidity and mortality related to AF has prompted the work
presented in this chapter, aimed at designing a lead system dedicated to the extraction
of information about the atrial electric activity during AF. In view of its ultimate clinical
application and the highly limited availability of BSPM equipment in the clinic, the design
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was restricted to the incorporation of just nine electrodes, the number of electrodes in-
volved in the recording of the standard 12-lead ECG. In this way, standard, available ECG
recording equipment could be used.
Another design constraint formulated in advance was that the electrode positions of the
adapted lead system should be anchored as much as possible to those of the standard leads.
This would reduce the complexity of lead placement in the clinic and reduce the possibility
of lead misplacement, a problem even encountered frequently in the ’standard’ positioning of
the nine electrodes.38 In an early, heuristic implementation of this constraint, the extremity
electrodes VR, VL and VF were left in place, as were the electrodes V1 and V2.47 Following
the recording of an ECG at the ’normal’ 12-lead electrode locations, the electrodes sensing
V3-V6 were, sequentially, repositioned in a counterclockwise fashion, around those of V1
and V2 (ﬁgure 3.1). The positions chosen were inspired by their close proximity to the
atria. By including the extremity electrodes, the commonly used Wilson Central Terminal
(WCT) as the potential reference for the observed signals could be retained. This lead
system dedicated to the recording of atrial signals, denoted in this paper as the ACG
(atriocardiogram) lead system, is currently being tested in the clinic. At the present time
up to 120 recordings on AF patients have been documented. For each of these, both the
12-lead ECG and the ACG-lead signals have been stored. No diﬃculties were encountered
in the clinical implementation of this procedure.
A preliminary analysis of the clinical data comparing the AF signals derived from both
lead systems suggested that, indeed, the adapted lead positions would provide a clearer view
on AF. This prompted us to investigate the optimal lead positions for replacing 4 of the 6
precordial electrodes. The method for ﬁnding this optimum and the results obtained are
discussed in this chapter. This search demands the availability of body surface potentials
during AF over the entire thorax. Since no such data are available, we used as an alternative
the AF signals generated by a previously developed biophysical model. The model includes
the descriptions of the active electric sources during AF, as well as their expression on
the thorax. It has recently been shown to generate AF signals that are in full qualitative
agreement with those observed clinically.51 An attractive feature of using simulated data
is that it permits the analysis of AF signals that are completely free of any ventricular
involvement.
After describing the materials and methods employed, the results will be shown of
a comparison between the standard 12-lead system, the ACG-lead system and the lead
positions found to be optimal. The latter will be referred to as the OACG-lead system.
3.2 Materials and methods
3.2.1 Simulated atrial ﬁbrillation
Body surface potentials of AF were simulated using a biophysical model of the human atria
and thorax. The computation requires the speciﬁcation of the atrial electric sources as
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Figure 3.1 – Display of the biophysical model used in this study and two of the lead systems studied.
The geometries shown are those of the thorax, the lungs, the atria, the ventricles and the blood-ﬁlled
cardiac cavities. The black dots indicate the positions of the electrodes. (a) The standard 12-lead ECG.
(b) The ACG (atriocardiogram) lead system.
well as that of the volume conductor that governs the transfer from source elements to the
potentials at the observation points. The geometry of these models was derived from an
MRI dataset taken from a healthy subject and discretized as triangulated surfaces.104
A thick-walled 3D model of atria was developed, which consists of 800,000 units encap-
sulated in a triangular mesh (1297 nodes) representing both the epicardial and endocardial
surface.51 The formulation of the membrane kinetics of the units was based on the Courte-
manche et al. model of human atrial myocyte.16 The propagation of the electrical impulse
within the atrial myocardium was simulated using a reaction-diﬀusion system (in the mon-
odomain framework).36
Eleven diﬀerent episodes of AF were generated using this model. Heterogeneities in
action potential duration were introduced by changing the local electrophysiological prop-
erties of the cells, as described previously.51–53,105 Simulated AF was initiated through rapid
pacing in the left atrial appendage. After the pacing protocol was stopped, a time-interval
of 10 seconds during AF was extracted for subsequent analysis. These 11 episodes diﬀer
by the arrhythmogenic substrate that was created in order to make the model vulnerable
to AF. As a result, the dynamics of the depolarization waves, the number of wavelets and
their wavelength were diﬀerent, as is documented in table 3.1.
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AF No. number of average dominant
wavelets wavelength [cm] frequency [Hz]
1 1 - 3 6.2 ± 2.7 2.5, 4.0
2 1 - 3 6.2 ± 2.3 6.6
3 1 - 4 5.7 ± 2.7 6.8
4 1 - 4 5.9 ± 3.3 6.9
5 1 - 4 5.6 ± 3.2 6.9
6 3 - 7 7.7 ± 3.9 3.7, 6.8
7 1 - 3 7.3 ± 4.0 4.4, 7.1
8 1 - 4 7.2 ± 3.8 4.1, 7.0
9 1 - 4 7.6 ± 3.9 3.9, 6.7
10 3 - 6 3.1 ± 0.1 11.0
11 2 - 4 8.0 ± 3.9 4.7
Table 3.1 – The speciﬁcations of the 11 episodes of AF simulated by the biophysical model of the
human atria. The dynamics characteristics of the simulations are speciﬁed by the number of wavelets
counted on the surface of the atria, their wavelengths (mean ± SD) as well as the dominant frequency
measured on endocardial electrograms.
3.2.2 Equivalent source strength
The equivalent current source representation of the electric activity of the entire ensemble of
800,000 atrial units used was the equivalent double layer (EDL). This method justiﬁes the
representation of the electric activity within the atrial myocardium by double layer sources
on the surface bounding it (endocardium and epicardium). In its numerical implementation
2590 small triangular elements were used, which formed the basis of a time varying (non-
uniform) double layer. The local source strength at the 1297 vertices (nodes) of the triangles
was assigned to be proportional to the time course of the transmembrane potential simulated
at the nearest atrial unit. This equivalent source can be represented by a matrix, S, whose
element sn,t is the source strength at node n at time instant t.104
3.2.3 Computation of body surface potentials
The transfer from the EDL source to the body surface was calculated by means of the
boundary element method (BEM), applied to a volume conductor model of the thorax
including the inhomogeneous conduction properties of the lungs and cardiac cavities.45,98,101
The transfer is represented by matrix A. Each row of A is the contribution of all the source
elements to one observation point on the body surface, and each column is the contribution
of one source element to all the observation points of the body surface. The resulting body
surface potentials Ψ are computed as
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Ψ = AS (3.1)
Geometries of the thorax and the ventricles
The thorax model used in the previous simulation of AF signals104 was a surface based
on the MR images of a healthy male subject; its body surface is speciﬁed by 300 nodes
that are distributed over the entire thorax surface. This geometry was used during devel-
oping the optimization procedure. In addition, the geometries of the thorax, lungs and
ventricles were obtained from 25 (healthy) subjects documented during a previous study.41
The database included the geometries of 15 males and 10 females, constituting a substan-
tial range in thorax morphologies and variations of heart position and orientation, which
made it suitable for testing the various lead systems. Each surface representing the thorax
geometry was speciﬁed by 642 nodes (the vertices of the involved triangles). The single,
above mentioned model of the atria was ﬁtted into the individual thorax geometries, in
order to match size, location and orientation of the ventricular cavities and the lungs of
the individual subjects. This was, unfortunately, required since the original study was ded-
icated to ventricular activity only, and atrial geometry having suﬃcient accuracy was not
available. The transfer matrix A (642 × 1297) was computed for each subject, while taking
into account the inhomogeneous conduction properties of lungs and atrial and ventricular,
blood-ﬁlled cavities.
3.2.4 Simulated body surface potentials
Each of the 11 simulated episodes of AF lasted 10 s, with a time resolution of 1 ms,
resulting in 11 variants of matrix S. These were used as test signals for the evaluation of
the lead systems. The resulting body surface potentials were computed using equation 3.1,
separately applied to all of the individual transfer matrices A. The nodes of the thorax
geometries involved contained the standard locations of the 12-lead ECG as a subset. As a
consequence, the computed matrix of simulated body surface potentials, Ψ, contained the
standard leads as subsets. In order to suppress the eﬀect of discretization noise resulting
from the ﬁnite number of EDL source elements, a low pass moving averaging ﬁlter over 20
samples, with its ﬁrst cutoﬀ frequency at 50 Hz, was applied to the signals at the body
surface.
In every observation (or recording) based on a limited number of electrodes, the poten-
tials represent a spatially sampled version of the entire body surface potential distribution.
In the case of the simulated AF sequences, Ψ is computed at all L possible electrode po-
sitions, that is, all nodes on the surface of the thorax model. For T samples (T = 10,000)
Ψ has a dimension of (L × T ): the potentials at the dedicated nine electrode positions of
the standard 12-lead ECG are denoted as ΨECG of dimension (9× T ). An example of the
lead V1 signal during simulated AF is presented in ﬁgure 3.2, a signal completely free of
ventricular involvement. The realism of the simulated signal can be judged by comparing
38 Chapter 3. OACG lead system
Figure 3.2 – Example of the ECG of lead V1 during AF. Top panel: one of the simulated episodes
of AF observed at the position of the V1 electrode. It corresponds to the simulation No. 6 presented in
table 3.1. Bottom panel: a clinical record of a patient during AF
it to an example of a clinical lead V1 signal during AF.
3.2.5 Information content
Currently, the use of body surface potentials for classifying diﬀerent types of AF is largely
a terra incognita. As a consequence, no obvious, clinically based criterion exists that can
be used to optimize the locations of surface electrodes. Here, we used a criterion derived
from the standard, general theory of signal analysis: the method of principal component
analysis. The latter was performed by computing the singular value decomposition (SVD)
of the data matrix representing the observed signals.
Singular Value Decomposition
The SVD of any real matrix Ψ results in the product of three matrices:
Ψ = UΣVT. (3.2)
The colums of matrix V are the so-called principal signals identiﬁed in the data. The
relevance of their contribution is expressed by the respective singular values σi (= Σi,j) of
the data matrix, on the main diagonal of matrix Σ resulting from the decomposition, all
of which are non-negative. The decomposition produces the singular values in decreasing
order of magnitude: σ1 ≥ σ2 ≥ · · · ≥ σk > 0. The principal signal corresponding to the
largest value, σ1, is the ’most principal’ among the identiﬁed principal signals. The largest
index of the non-zero singular values, k, reveals the rank of the data matrix. This rank
indicates the maximum number of independent signals that are present in the observed
data. For a matrix having dimension (L × T ), its rank is at most equal to the minimum
between L and T .
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Optimization criterion α
The optimization criterion used in this study was the maximization of αk = σk/σ1, the ratio
of the smallest to the largest singular value. Provided between matrices of the same rank,
the one with the largest αk can be considered to carry the most information in terms of the
complexity of the signal dynamics, this value can be used as a criterion for the information
content of a data set. For the data matrices derived from the simulated AF signals at nine
electrode positions we have, with M = 9 and T = 10,000, k ≤ 9(= M < T ), and in fact k
= 8 since the nine electrode positions imply a reference, and so the number of independent
signals (potential diﬀerences) can be at most eight. Accordingly, we used α8 = σ8/σ1, with
larger values of α taken to indicate a data set containing more signiﬁcant information.
As stated, the number of independent signals is at most eight. With T = 10,000, any
numerical analysis is likely to reveal a rank k = 8, but the number of signals that are
signiﬁcant to the problem addressed may even be lower due to the possible inclusion of
non-related noise-terms or other artifacts. In this simulation study, as stated also, some
discretization noise was involved, resulting from the ﬁnite number of EDL source elements.
To make sure that indeed k = 8, we used the minimum description length (MDL) estimate
of the number of independent signal components contained in the data matrix.4,40,94,95 As
documented in the results section, this justiﬁed using k = 8 as the eﬀective rank of the data
and, hence, using α8 .
3.2.6 Search methods
The optimal electrode positions were determined in the following way. As is motivated in
the Introduction section, we decided to leave ﬁve out of the nine electrodes of the standard
12-lead ECG in place. These were the three limb leads, VR, VL and VF, as well as two
precordial leads, V1 and V4. The choice of V1 is obvious in that it is the closest to the
atria of all possible positions. Lead V4 was selected since, among leads V2 to V6, its AF
signal revealed the smallest correlation with that of lead V1,51 thus providing the maximally
independent view on AF. The locations for the remaining four electrodes were selected from
all remaining 295 (=300-5) nodes on the thorax at which the AF signals were simulated.
The following two procedures were used.
Sequential search
Starting with the set of initial L = 5 electrodes, the value of the optimization criterion αL
was computed for L + 1 electrode positions: the previous set of L = 5 plus one selected
from the remaining 300 - L positions. This was done for all of the remaining positions;
the one selected was the one yielding the highest value of αL. Upon adding the selected
electrode position to the set, L was increased by one, and the procedure was iterated until
the total number of electrodes in the set reached 9. The procedure was applied separately
to all 11 episodes of AF.
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Exhaustive search
The procedure of the sequential search does not guarantee the optimal selection of the four
additional electrode locations from the 295 possible locations. The theoretical optimum can
only be found by the exhaustive search of all combinations of 4 positions out of 295 ones.
This requires about 3.1e8 evaluations of α8, which would take about ﬁve years to compute.
Instead, a limited subset of 64 positions was used, that of the Nijmegen lead system.37,39
The latter subset has previously been shown to contain all information contained in the
ECG, albeit not documented for signals during AF.94 The computation time required for
the exhaustive search based on 4 out of 61 possible electrode locations was three days for
the about 5.2e5 combinations involved. The electrode positions yielding the highest value
of α8 were considered as the best set.
3.2.7 Evaluation Method
The lead system, OACG, resulting from the search methods, is presented in the results
section. This system was found from the thorax, electrode positions, volume conductor and
heart conﬁguration of a single subject. Its performance is documented by comparing the
resulting α8 values found for the 11 AF episodes with the corresponding α8 values found
from the standard electrode positions.
In an independent evaluation, the same procedure was carried out by applying the
OACG leads to each of the 25 other thoraxes, and comparing the α8 values for each of the
11 AF episodes when using the electrodes of the new lead system as well as those of the
standard leads.
3.3 Results
3.3.1 Number of independent signals
The MDL functions were computed for the data matrices of the body surface potentials
of all eleven AF episodes. The location of the minimum in such functions estimate the
number of independent signals contained in the data matrices.41 This was done for the
data matrices of all L = 300 electrode positions, Ψ300 as well as for Ψ64 the data at the L
= 64 electrode positions used in the exhaustive search. The mean values and the standard
deviations are presented in ﬁgure 3.3. The number of independent signals found for Ψ300
was 58 (ﬁgure 3.3a), while for Ψ64 it was estimated as 16 (ﬁgure 3.3b). Both values are
higher than the value of the rank, k = 8, thus justifying the use of k in the analysis.
3.3.2 The new lead system
The search procedure identiﬁed four disjunct thorax regions for the localization of the four
electrodes. Those identiﬁed by the sequential search and the exhaustive search were similar
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Figure 3.3 – MDL functions computed from the body surface potentials of the reference thorax. The
solid line is the mean of the values of all 11 episodes of simulated AF. The dashed lines are the upper
and lower bounds of the standard deviation. (a) Based on body surface potentials simulated at all 300
nodes. (b) Based on the subset of the signals of 64 leads.
and the locations found for diﬀerent AF episodes were pooled.
Based on these pooled results, a new electrode conﬁguration was chosen, the one shown
in ﬁgure 3.4: the OACG lead system. One electrode, V1S (V1 superior), is placed one inter
costal space above the V1 electrode position. The second, V2RS, is placed at the right of
the V1S, at the same height. Note that these two positions are also included in the ACG
lead system mentioned in the Introduction. The third one is positioned just below the left
clavicle as VLC. The last one, V1P (P=posterior) is the one on the back just behind the
atria at the same level as V1.
The performance of the lead systems
The spectra of the normalized singular values of data matrices (signals) observed with the
three lead systems are presented in ﬁgure 3.5. In fact, their normalized values, αm are
shown. These values provide a quantitative view about the information content of the
signals. A clear diﬀerence between the values related to the standard 12-lead ECG and
those related to the other two lead systems may be observed. Beyond m = 3, the spectra of
ACG and OACG lie constantly above that of the standard 12-lead ECG.47 Moreover, the
ﬁrst four values share more or less the same range between ACG and OACG, whereas for
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Figure 3.4 – The proposed OACG lead system. The white dots indicate the standard 12-lead ECG
electrode positions. The larger, heavy dots are the electrode locations of the proposed lead system.
Figure 3.5 – The distributions of m values derived from diﬀerent lead systems, computed on the 11
simulations of AF, shown as mean ± SD. The signiﬁcance values (paired t-test) are presented by the
markers: †: ECG vs OACG lead system, p < 0.001. 	: ACG vs OACG lead system, p < 0.01.
the last four, those of OACG are higher (p < 0.01). Especially for the last one, α8, that of
the OACG lead system yielded a twenty-fold larger value compared to that of the standard
12-lead ECG, and three-fold larger than the ACG.
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Figure 3.6 – The mean values of the optimization criterion α8 computed on all simulated AF for
each of the 25 thoraxes. The values at the left are those of the reference thorax on which the eleven AF
episodes were simulated for the search methods. Detailed statistics are listed in table 3.2. Except for
the case indicated by a dagger (†) (outlier, subject 19), the signiﬁcance value of the paired t-test was p
< 0.001 between the distributions of ECG and OACG. The dotted horizontal lines represent the mean
levels found for the three lead systems.
3.3.3 Evaluation of OACG
Figure 3.6 presents the criterion α8 calculated from the body surface potentials of AF
episodes computed with 25 diﬀerent thorax geometries. With one exception, the α8 values
as found for the OACG lead system were higher than those for the standard 12-lead ECG.
The mean value for the 25 cases yielded a ﬁve-fold larger value for the proposed lead system
vis-a-vis the standard ECG. Note that for the reference thorax used in the search process,
this ratio was 20-fold larger. No diﬀerence according to gender was observed.
3.4 Discussion
The MDL function revealed the presence of almost 60 independent signals40 in the entire
set of 300 body surface potentials of simulated AF, reﬂecting the high complexity of the
underlying dynamics of the signals. The observation that the subset of 64 selected electrodes
gave rise to 16 independent signals indicates the diﬃculty of capturing the full electric
activity of the atria even with this large number of electrodes. It is therefore impossible to
retrieve the entire information contained in body surface potential during AF by applying
only nine electrodes. Within the constraint of applying just 9 electrodes, the higher 8 values
for the proposed lead system suggest that it extracts a larger amount of information than
those of the standard 12-lead system.
The identiﬁed electrode V1S of the OACG lead system, the one above V1, coincides
with the location of the lead S of the EASI lead system;21 the one on the back at the level
of the atria is near the lead M of the Frank’s vector lead system.26 The non-dipolar nature
of the ECG during AF demands a more complete three-dimensional capture of information
around the thorax, thus necessitating a lead on the back. The four electrode positions found
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ECG ACG OACG
ref 0.29 (0.17, 0.37) 2.23 (1.35, 3.09) 6.41 (3.07, 9.08)
1 0.79 (0.42, 1.01) 3.27 (1.14, 5.11) 2.39 (0.74, 3.34)
2 0.81 (0.39, 1.15) 3.69 (1.25, 5.55) 1.98 (1.22, 2.46)
3 0.57 (0.31, 0.79) 2.12 (1.04, 2.82) 2.93 (1.37, 4.36)
4 0.55 (0.25, 0.69) 1.55 (0.68, 2.01) 2.58 (0.94, 3.45)
5 0.28 (0.17, 0.38) 1.99 (1.28, 2.53) 3.16 (1.75, 4.19)
6 0.27 (0.15, 0.39) 1.71 (0.79, 2.34) 3.50 (1.55, 4.87)
7 0.20 (0.16, 0.24) 1.28 (0.58, 1.85) 3.84 (2.72, 5.01)
8 0.38 (0.27, 0.51) 2.33 (1.14, 3.26) 2.61 (0.95, 3.59)
9 0.49 (0.41, 0.62) 1.04 (0.45, 1.54) 2.80 (1.72, 3.90)
10 0.74 (0.52, 1.02) 2.23 (1.03, 3.14) 2.21 (1.31, 2.98)
11 0.83 (0.49, 1.15) 2.55 (0.87, 3.98) 1.63 (0.75, 2.16)
12 0.15 (0.07, 0.21) 1.90 (0.80, 2.42) 2.44 (1.14, 3.30)
13 0.38 (0.22, 0.49) 2.14 (1.02, 2.87) 2.70 (0.90, 3.67)
14 0.57 (0.26, 0.78) 2.21 (1.33, 2.72) 4.23 (2.39, 5.53)
15 0.43 (0.22, 0.60) 2.44 (1.08, 3.30) 5.72 (1.59, 8.50)
16 0.45 (0.28, 0.57) 0.87 (0.44, 1.14) 3.86 (2.35, 5.08)
17 0.31 (0.13, 0.43) 1.33 (0.56, 1.80) 2.66 (1.19, 3.66)
18 0.56 (0.25, 0.81) 2.70 (1.12, 3.66) 2.96 (1.04, 4.14)
19 1.75 (0.77, 2.45) 1.41 (0.75, 2.04) 1.28 (0.48, 1.60)
20 0.59 (0.24, 0.88) 2.50 (1.22, 3.67) 1.56 (0.61, 2.11)
21 0.42 (0.21, 0.61) 1.77 (0.80, 2.50) 1.42 (0.47, 1.98)
22 0.48 (0.32, 0.65) 1.51 (0.69, 2.07) 3.36 (1.50, 4.67)
23 0.39 (0.19, 0.54) 2.20 (1.05, 2.78) 1.49 (0.57, 1.91)
24 0.57 (0.34, 0.80) 1.51 (0.56, 2.26) 2.78 (1.34, 3.73)
25 0.49 (0.35, 0.67) 2.66 (1.31, 3.40) 1.61 (1.10, 2.00)
Table 3.2 – The values of α8 for all simulated AF for each of the 25 thoraxes. The columns present
the lead systems used and the rows are the subjects. The ﬁrst row is that of the reference thorax on
which the eleven AF episodes were simulated for the searching methods. The values indicated are the
mean and the interquartile range (25%, 75%), all divided by 100.
demonstrated a robust nature. During the search procedure, if we included one (or two,
or three) of them as the initial condition and searched for the remaining ones, the other
optimal positions invariably showed up in the remaining of the four identiﬁed regions and,
thus, the total conﬁguration remained the same.
The evaluation of the OACG lead system applied to the 25 diﬀerent thorax geometries
and their conductive properties showed a clear and consistent advantage of the proposed
lead system with respect to the information content of AF compared with that of the
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standard 12-lead system. There seemed to be one clear outlier (Subject 19, ﬁgure 3.6).
However, inspection of geometries involved revealed that this related to the geometry of a
very thin male, for whom the heart position was found to be much lower than normal, and
the electrode positions documented for all of the standard leads were above the level of the
atria.
3.5 Limitations
Although diﬀerent types of AF were simulated, there is only one type of atrial geometry on
which the transmembrane potentials are computed. Matching individual atrial morpholo-
gies would be preferable for the AF simulations in all 25 thorax geometries, but hard to
implement in practice.
The novel positions were sought for just four of the nine electrodes of the standard 12-
lead system. Because of the initial objective to be easily applicable in clinical practice, at
least half of the total number was ﬁxed to standard positions used in the clinical practice.
A free search for all of nine electrode positions may yield an even better performance. The
same applies to the use of a larger number of electrodes, as is done in body surface mapping
procedures.
A limitation of this study has been the lack of clinical body surface potential signals
recorded during AF. The use of extended lead systems, such as the 64-lead system men-
tioned, has been shown to be very eﬀective, and necessary, in the computation of the cardiac
generator. However, it is questionable at the present moment whether the complexity of
the generator of AF signals would allow inverse computation of the same quality.
3.6 Conclusion
The locations of the electrodes of the standard 12-lead system were shown to be clearly
suboptimal in terms of information content of atrial electric activity. The proposed adap-
tation, OACG lead system, provides more information. Its electrode locations are anchored
to those of the electrodes of the standard leads. Three of the four new electrode locations
are above the level of V1, one is on the back at the level of V1. Recordings may be made
by using the standard equipment available in the clinic.
The OACG lead system is currently evaluated in a clinical study of ECGs recorded
during AF. As in the study reported here, the results will be compared to those obtained
with the standard 12-lead ECG as well as those of the ACG electrode placement. Initial
results so far have conﬁrmed the superiority of the OACG electrode montage. They will be
presented in the next chapter.
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Performance of lead
systems dedicated to atrial
ﬁbrillation: application to
clinical data 4
4.1 Introduction
THE recent veer of trend in cardiology and, as presented in the previous chapter, ourcurrent interest in the search for a classiﬁcation of diﬀerent types of atrial ﬁbrillation
(AF) by its underlying etiology prompted us to search for methods that would optimize
the extraction of information on this complex phenomenon from signals observed on the
body surface. The types of problems to be addressed include a) the optimum selection
of electrode locations, b) the cancellation of the involvement of ventricular activity in the
observed signals and c) the determination of a measure of the overall complexity of the
AF signals. These three elements have been studied in our group, based on a biophysical
model of the genesis of atrial signals during AF and of the volume conduction properties of
the body tissues. Details of the design procedure involved in the selection of the optimal
electrode positions are described in chapter 3. This chapter reports on the results of an
evaluation of the performance of the novel lead system, the OACG lead system, in its
application to signals recorded from AF patients. This evaluation depends critically on the
quality of the other elements: cancellation of the ventricular activity and identiﬁcation of
a complexity measure. All three elements will be summarized in the methods section. The
motivation for the attention devoted to these elements is as follows.
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Lead systems
The method of body surface potential mapping (BSPM) provides the most complete view
on the atrial activity (AA).19,89 However, the required recording equipment is not generally
available in the clinic. This method has not been applied in the analysis of AF so far. In
fact, the general problem of extracting information from the ECG for study of AF study
has never been addressed to the extent of our knowledge. It is for this reason that we
concentrated on the optimized locations of the 9 electrodes sensing the signals of the stan-
dard 12-lead ECG. The standard 12-lead ECG remains the most commonly used tool with
well-deﬁned equipment and protocol.2 Since the interest of electrocardiology has been his-
torically focused on the electric activity of the ventricles, the information content available
from the signals observed from these electrodes is likely not to be optimal for studying atri-
al activity, in particular during AF. This hypothesis was shown to be true in a simulation
study presented in the previous chapter using a biophysical model of the human atria and
thorax.48 The novel lead systems ACG (atrial cardiogram)47 and OACG (optimized atrial
electrocardiogram)49 were the resulting heuristic and optimized lead systems, respectively.
Extracting atrial signals
The analysis of AF from observed ECG signals demands a high quality suppression of the
contribution of the electrical activity of the ventricles to the observed signals. Several,
dedicated methods have been reported in the literature.59,88,91 The method used in this
work was a reﬁnement of those published previously, which allowed us to perform our
analysis on data that showed almost imperceptible ventricular involvement.
Complexity measure
At this moment, even when atrial signals during AF are available that are free of ventricular
involvement, it is not clear which would be the appropriate features to extract for classiﬁca-
tion of the disease. In our study we used a complexity index derived from the singular value
decomposition, performing the principal component analysis, of the data. Features of this
type have been previously introduced in the analysis of ECG data.96 The aforementioned
three elements discussed are the main ingredients used in the evaluation of the performance
of the ACG and OACG lead system.
4.2 Methods
4.2.1 Lead systems
The three montages of 9 electrodes for recording the ECG data during AF were that of the
standard 12-lead ECG, of a heuristically deﬁned conﬁguration (ACG) and of an optimized
variant (OACG). The montages of the lead systems are presented in ﬁgure 4.1.
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Figure 4.1 – The locations of the electrodes used by the lead systems. (A) The standard 12-lead
ECG. (B) The ACG (atriocardiogram) lead system. (C) The OACG (optimized ACG) lead system.
The ACG lead system
The ACG lead system is a new conﬁguration of the standard 12-lead ECG by moving 4
of the 9 electrodes to their dedicated positions as also described in chapter 3. The aim in
the design of this lead system was based on the motivation to position the precordial leads
closer to the atria. In view of its clinical application, another important point in the design
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was to anchor the electrode locations as much as possible to those of the standard ECG. The
three limb leads, VR, VL and VF were left in their original conﬁgurations so as to preserve
the Wilson Central Terminal (WCT) reference. The positions of leads V1 and V2 lead
positions were also maintained due to their proximity to the atria. In this way, more than
the half, that is 5 out of the 9 electrodes, are anchored to the locations of the standard
12-lead ECG. The 4 remaining precordial leads, V3 to V6 were moved counterclockwise
around the lead positions of V1 and V2 thus forming a 2 × 3 grid overlying the atria as
presented in Fig. 1b. The V3 electrode is placed above the V2 electrode position as V2S
(superior), V4 above V1 as V1S, V5 to the right of V1S as V2RS (right superior) and V6
to the right of the V1 lead position as V2R (right).47
The OACG lead system
The OACG lead system is optimal with respect to the extraction of information content of
AF, using the standard ECG equipment of 9 electrodes. The detail of its design process is
described in the previous chapter. The basis of its design is similar to that which grounded
the ACG lead system: to anchor at least the half of the electrodes to their standard position.
Here, VR, VL, VF as well as V1 and V4 were left in the original locations. The three
limb leads were chosen for the same reason as described above, to maintain the WCT
reference used in clinical practice. The V1 is the closest to the atria, and V4 was selected
according to a precedent observation that the potentials observed at this location had
the smallest correlation with those of lead V1 during AF,51 thus providing the maximally
independent view on AF. By using simulated episodes of AF generated with a biophysical
model of the human atria and thorax, the remaining four electrodes, originally used as
V2, V3, V5 and V6, were repositioned on the surface of the thorax so as to maximize
the information extraction. The 4 electrodes were relocated by being added one by one
to the initial 5 electrodes so that the measure of information content αk, as introduced
below, is maximized at each addition.49 The electrode positions of the OACG lead system
is presented in ﬁgure 4.1c.
4.2.2 Clinical AF signals
The clinical signals were taken from patients admitted in the ER showing symptoms of AF.
The recordings were performed consecutively with the standard 12-lead ECG, the ACG
and the OACG montage, each for a period of 5 minutes. The sampling rate was 500 sps.
The recordings were documented with the patient data including the identiﬁcation of the
patient, basic constitutional variables, the diagnosis, anamnesis, history of admission and
drug therapy. It is still an ongoing study and, indeed, there is only a limited number of
clinical signals available for the OACG lead system so far. Recording using the standard
ECG and ACG started years ago, while the OACG lead system has just been introduced.
From the database, 66 recordings of 5 minutes were selected that showed stable AF
episodes without major artifacts. They were taken from 32 patients, of whom 30 patients
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male (15) female (17) total (32)
age [years] 72.9 ± 9.6 77.4 ± 16.7 75.4 ± 14.1
(67, 73, 82) (71, 83, 88) (67, 79, 85)
height [cm] 173.1 ± 7.4 165.1 ± 7.2 168.5 ± 8.3
(169, 174, 180) (160, 165, 170) (160, 168.5, 174)
weight [kg] 81.2 ± 11.4 64.7 ± 12.1 71.8 ± 14.3
(72, 80, 88) (56, 63, 71) (62, 70.5, 80)
Table 4.1 – Basic statistics of the 30 patients. There are 13 male patients and 17 female patients. The
values are given as the mean ± standard deviation and the interquartile values (25 percentile, median,
75 percentile) of the distribution.
with recordings using the standard 12-lead ECG and ACG, and 2 patients with all three lead
systems including the OACG. The main statistics of the subjects are shown in Table 4.1.
4.2.3 VA cancellation
The cancellation of the ventricular contributions to the observed signals was carried out as
follows.
The signals were preprocessed with a baseline correction (cubic spline interpolation
anchored on the onsets of the QRS complexes) and a low pass ﬁlter with a cutoﬀ frequency
at 50 Hz. The dominant T wave99 has been introduced as a means to characterize the
general similar shape of the T waves in diﬀerent leads. It was also shown that an individual
T wave could be represented by a linear combination of the dominant T wave and its time
derivatives.100 Based on those observations, the T wave of each cardiac cycle was estimated
using the dominant T wave and its ﬁrst and second derivatives. The dominant T wave
was obtained by ﬁtting an analytical function (multiplication of two logistic functions) to
the ﬁrst principal component computed on the ST-T segment. The U wave was estimated
by ﬁtting a Gaussian function to the same ﬁrst principal component. These estimated
repolarization waves were weighted and subtracted from the original signal.
The method adopted for the AA over each QRS complex was the following. In contrast
to a standard subtraction method, it estimates directly the atrial components over each
QRS complex based on the cleaned up segments that precede and follow the complex. The
AA over these two segments is estimated by a ﬁnite sum of sinusoid functions. Each sinusoid
is described as a weighted sum of sine and cosine functions with the same frequency. The
50 frequencies for the set of sinusoids were uniformly distributed between 0 and 10 Hz.
The weights related to the sine and cosine functions of the set were optimized over the
two cleaned up segments on all leads in a least squares sense.31 The interval over the QRS
complex was deﬁned as the AA estimate. This procedure can be seen as an extrapolation
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of the atrial contribution over the regions of the ventricular one.
A low pass ﬁlter was applied at the end of this process to smooth the diﬀerence of levels
between estimated AAs located before, during and after the QRS complex.
Each of the selected 66 recordings therefore became a 5-minute sequence on each indi-
vidual lead of atrial activity only.
The above presented VA cancellation methodology was designed, implemented and test-
ed by Mathieu Lemay for the NAF project and his Thesis work.
4.2.4 The complexity index
The measure used to evaluate the information content in the recording of AA is based on
standard and general theory of signal processing: the singular value decomposition (SVD).
The signals recorded by each lead system are observations of potential diﬀerences using
9 electrodes. The body surface potentials observed at the corresponding electrode positions
can be therefore represented by a data matrix Ψ of size (9×T ), with T the number of
samples in time. Application of SVD to this data matrix yields 8 singular values since
the 9 electrode positions imply a reference, and so the number of independent signals
(potential diﬀerences) can be at most 8. The decomposition produces the singular values in
decreasing order of magnitude: σ1 ≥ σ2 ≥ · · · ≥ σk > 0. The principal signal (conf. chapter
3, equation 3.2) corresponding to the largest value, σ1, is the ‘most principal ’ among the
identiﬁed principal signals.
The measure of information content used in this study is the ratio of the smallest to the
largest singular value, α8 = σ8/σ1, with larger values of α8 indicating a data set containing
more signiﬁcant information. Provided the number of independent signals available in the
entire body surface potentials of atrial activity is higher than the rank of the data ma-
trix,40,49 the use of α8 is justiﬁed in that this value does not include signiﬁcant information
of non-related noise terms or other artifacts.
The behavior of the α8 measure was studied as a function of time during the 5-minute
episode of recording. This was necessary since the recordings using diﬀerent lead systems
were eﬀectuated consecutively and not simultaneously. The stable behavior of signal dy-
namics had to be evaluated ﬁrst in order to compare the complexity index between signals
of the same patient. Each data matrix of atrial ﬁbrillation was subdivided in segments of
10 seconds, thus providing 30 blocks for each of the lead systems in every patient. In this
way, the temporal behavior of the complexity index can also be studied. The time window
of 10 seconds was chosen to have a reasonable compromise between accuracy and the need
for local stationarity. The α8 value was studied for each 10-second segment over the en-
tire 5-minute episodes, while the ﬁrst and the last segment were systematically discarded
because these segments contained large artifacts due to the recording procedures.
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Figure 4.2 – Example of QRST cancellation of the signals observed on the V1 lead position. For
each lead system mentioned on the left, the top signal is the original body surface potential (atrial and
ventricular activity), while the bottom part is the separated atrial activity after application of the VA
cancellation method. The two traces are drawn at diﬀerent scales. The asterisks indicate the ectopic
beats.
4.3 Results
4.3.1 VA cancellation
An example of VA cancellation is presented in ﬁgure 4.2 for lead V1, an electrode position
that is common to all lead systems. The episodes of AF come from the same patient, in a
sequential recording using the three lead systems. Although the original recordings seem to
exhibit the same type of stable AF wave forms, the separated AA signals look diﬀerent. The
diﬀerence comes from the VA cancellation method using body surface potentials observed at
diﬀerent locations on the thorax. One prominent observation is that just after an ectopic
beat, marked by an asterisk in ﬁgure 4.2, the VA cancellation applied to the signals of
the standard ECG and ACG montage leaves a residual artifact, while with OACG it is
inhibited. The amplitude of the AA signals available from the OACG lead systems is the
most constant when compared to those from the standard ECG and ACG.
4.3.2 The complexity index
The normalized singular values
An example of α8 as a function of time during a 5-minute sequence is presented in ﬁgure 4.3.
Each marker indicates the α8 value for the corresponding 10-second segment. The stability
of the values over time measured as the standard deviation normalized by the mean value
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Figure 4.3 – The variation of α8 as a function of time for each lead system. An example taken
on the 5-minute episodes recorded on the same patient. Each marker represents the 8 value for the
corresponding 10-second segment.
was respectively 0.24, 0.23 and 0.22 for the standard ECG, ACG and OACG in that patient.
Although limited to the cases of only 2 patients, the α8 of OACG signals lied constantly
higher than the two others. The values showed a stable behavior of the same order of
magnitude in the signals from all patients.
The spectra of the normalized singular values αk for the three lead systems computed
on all patients are shown in ﬁgure 4.4. The singular values for the OACG lied constantly
above those of the ECG, and each paired distribution of singular value αk(k = 2, ..., 8) had a
signiﬁcance value p < 0.005 in the paired double-sided t-test. The diﬀerence becomes even
clearer for the smallest singular values, where the mean exhibited a 2.23-fold higher value
for the α8 of the OACG compared to that of the standard ECG and 1.78-fold compared to
the ACG. The ACG showed a 1.25-fold higher value than that of the standard ECG.
Paired statistics of α8
The statistics of α8 for each patient are shown in ﬁgure 4.5. The bar diagram and the error
bars show the mean ± the standard deviation of the distribution of α8 over 5 minutes for
each subject and each lead system. For the comparison of the standard ECG and ACG,
except for 5 patients indicated by a †, the signiﬁcance between each pair of distribution was
p < 0.05 (ﬁgure 4.5a). The mean value among the patients of the ratio between the average
α8 for ACG over that of the ECG was 1.34. For the 2 patients for whom recordings with all
three lead systems are available, the comparison is shown in ﬁgure 4.5b. Here, the mean α8
values were even more signiﬁcantly diﬀerent in all cases between the OACG and the other
two lead systems (p < 10e-10), and indicated constantly higher values for the OACG lead
system (1.82-fold higher).
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Figure 4.4 – Singular value spectrum of the data matrices. The values are normalized with respect
to the ﬁrst (largest) one. The markers are the mean values of the pooled data of all patients and all
segments of 10 seconds. The error bars are the standard deviations of the distributions.
4.4 Discussion
Results on VA cancellation demonstrated the global superiority of the OACG lead system
under visual inspection with regard to cancellation artifacts. Interestingly, for the common
leads in the three systems, such as V1 in ﬁgure 4.2, a better enhancement of AA in OACG
compared to the standard ECG or ACG was observed. This is due to the VA cancellation
processing the entire data matrix simultaneously, and thus considering the global informa-
tion content available from all 9 leads. That is, the capture of higher information of AF
from the body surface potentials improves the estimation of AA from the body surface
potential signals in its entirety.
For the clinical episodes of AF in which the AA was dissociated from VA, the spectrum of
the singular values showed a consistently higher value for the OACG lead system compared
to the standard ECG and ACG. This suggest that the signals observed at the locations of
the OACG electrodes carry a higher complexity of dynamics, i.e. extra information content,
with regard to the standard ECG lead system while using the same number of electrodes
and more than half of which is anchored to the initial position.
In the paired statistics of the α8 value of the ECG and ACG studied in each individual
patient, more than 2/3 of the cases showed a higher value for the ACG with signiﬁcant
diﬀerence. The ratio of the α8 value derived by the signals of ACG to those of the ECG in
a paired comparison showed a non negligible advantage of the ACG (1.34-fold in average).
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Figure 4.5 – Paired statistics of α8 for all subjects. The bar diagram is the mean value with the error
bars indicating the standard deviation of the distribution during the 5-minute recording in segments of
10 seconds. (A) Diagram for ECG vs ACG in 30 patients. The †are the cases in which the paired t-test
between the respective distribution was not signiﬁcant (p > 0.05). (B) Diagram for ECG, ACG and
OACG.
Although with a very limited number of clinical signals, the OACG consistently displayed
better performance with a 1.82-fold higher value of α8. The prominent superiority of the
OACG lead system in this study is a good sign toward conﬁrmation of the advantage and
necessity of having at least one electrode in the back, should we aim at studying AF in
depth with limited number of electrodes and constraints on their general positions.
4.5 Limitations
One drawback of the presented study is the lack of simultaneous recordings using the
standard ECG, ACG and OACG. The signals were recorded in a consecutive manner with
a length of 5 minutes each. The stability of all episodes needed to be veriﬁed in order to
treat them as originating from stable atrial ﬁbrillation dynamics from the same patient. In
order to refer to the information content during evolution of AF, a simultaneous recording
with multiple lead systems is required. However, the recording method used in this study
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and the results on the stationarity presented justify the use of the OACG lead system in the
clinical practice for the diagnosis of AF, to be used consecutively after a standard recording
procedure using the standard 12-lead ECG material.
4.6 Conclusion
Using a limited number of 9 electrodes in order to capture the AA during AF, the lead
locations of the standard ECG were shown to be clearly suboptimal for analyzing AF from
clinical signals. The information content of the AA in terms of singular values of the data
matrix exhibited a higher value for the recorded signals using the OACG lead system. The
augmented information content by the OACG lead system improved the performance of
the VA cancellation that uses the entire data of body surface potentials acquired by the 9
electrodes.
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Vectorcardiographic lead
systems for the
characterization of atrial
ﬁbrillation 5
5.1 Introduction
ONE of the methods used for the interpretation of the time course of the potentialsobserved on the body surface is the vectorcardiogram (VCG). It estimates a compact
representation of the cardiac electric generator: the equivalent current dipole. The restric-
tion involved permits the analysis of the spatio-temporal aspects of the cardiac generator
based on the time courses of the three dipole components, the signals X(t), Y (t) and Z(t),
or visualized by means of vector loops. These aspects are less easily discernable in plots of
the standard 12-lead ECG. Currently interest in the VCG seems to have waned. The moti-
vation for using the VCG for the analysis of atrial ﬁbrillation (AF) relates to the fact that
the apparent chaotic nature of the ECG signals during AF has so far prevented the selection
of signal features that might be used in the classiﬁcation of diﬀerent types of AF. Up until
now, eﬀorts have concentrated on the spectral analysis of ECGs, but spatio-temporal types
of analysis remain to be developed. The more important, clinical motivation for studying
this topic is the increasing incidence of AF with age, alongside the steady increase in the
average age of the population.
This study aimed at designing an electrode conﬁguration using a limited number of
electrodes and associated transfer coeﬃcients dedicated to characterizing atrial ﬁbrillation
(AF). The combination of both is referred to as the lead system. The electrode conﬁgura-
tions studied were restricted to variations of existing lead systems. In this way the ultimate
clinical application of any new lead system is facilitated. The design of the lead systems was
based on body surface potentials generated during episodes of 10 diﬀerent types of atrial
59
60 Chapter 5. VCG lead systems for AF
Figure 5.1 – Dipole components during atrial ﬁbrillation. Solid lines show the equivalent dipole
components, dotted lines those of the gold standard derived from the Gabor-Nelson equations. The axes
are those of the standard VCG protocol pointed toward the left (x), foot (y), and to the back (z).
ﬁbrillation (AF) simulated by a previously developed and validated biophysical model. The
model of the thorax includes the inhomogeneous conductive properties of the lungs as well
as the atrial and ventricular blood-ﬁlled cavities. It allowed us to proceed to the analysis
of body surface potentials and atrial dipole signals entirely free of any involvement of the
electric activity of the ventricles. The testing of the performance of the various lead sys-
tems was based on a collection of 25 diﬀerent volume conductor models, with the relevant
geometry derived from individual MRI data. For each subject, the entire procedure was
carried out separately based on its geometry (design stage); the resulting lead systems were
tested in their application to the thorax models of the other 24 subjects (evaluation stage).
In order to describe the deﬁnition of VCG, a general discussion on designing vector lead
systems is presented ﬁrst in this chapter; it also introduces the various notations used. Next,
the material used in the study is documented, as well as the methods employed. Finally,
the results are presented, including a full analysis of the application of the proposed system
in its application to individual thorax geometries. Since the design is based on simulated
AF, various intermediate illustrations of the diﬀerent steps taken are included to justify
their use.
5.2 Designing VCG lead systems
Vectorcardiographic lead systems may be designed by using either statistical or model-
based methods. Examples of both methods may be found in recent publications on this
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topic.25,43,62 The best known lead system is the one designed by Frank, which represents
the initial, essential, model based approach.26 This section summarizes the model based
type of approach and its background. It is the method used in the present study. It stresses
some aspects involved that so far have not received adequate attention.
The vectorcardiogram is an estimate of the equivalent current dipole D(t) representing,
to a ﬁrst order approximation, the spatial distribution throughout the myocardium of the
time course of the currents generated at the membranes of all cardiac myocytes. Being a
vector in 3D space, the spatio-temporal nature of the current dipole may be fully charac-
terized by the time courses of its 3 components Dx(t), Dy(t), Dz(t). An example of these
components derived from the electric activity of the atria during AF, as described in the
methods section, is shown in ﬁgure 5.1. The three components of the potentials of the
VCG, Vx(t), Vy(t), and Vz(t) that estimate the dipole are, ideally, directly proportional
to the dipole components. The estimation of the current dipole on the basis of observed
body surface potentials constitutes a so-called inverse problem. Its solution demands the
speciﬁcation of a volume conduction model of the thorax, and in particular of the surface
bounding the medium: the body surface.
When a single dipole current source is placed inside the thorax model, the potential φ(t)
generated at electrode l on the surface of the thorax is a weighted sum of the potentials that
the three individual dipole components generate separately. The three weighting coeﬃcients
for electrode l, w(, x), w(, y) and w(, z), depend on the distance between the location of
the electrode and that of the dipole, as well as on the overall nature of the volume conductor.
Accordingly, for a time-varying dipole strength the potential φ(t) at electrode  reads
φ(t) = w(, x)Dx(t) + w(, y)Dy(t) + w(, z)Dz(t). (5.1)
This expression may be interpreted as a scalar product of two vectors: the dipole vector and
a vector with elements w(, x), w(, y) and w(, z). Correspondingly, the latter is referred
to as the lead vector at the position of electrode.42
When treating the collection of potentials observed at L electrode positions and sampled
at T time instants, equation 5.1 can be conveniently expressed by the matrix multiplication
Φ = W D, (5.2)
in which Φ is the matrix of observed potentials (size: L× T ) , W the matrix (size: L× 3)
comprising all lead vectors at the L electrode locations considered and D the matrix of
instantaneous dipole strengths (size: 3 × T ). Matrix W represents the so-called forward
transfer matrix of the involved forward problem.
The volume conductor model implied in the VCG is a homogeneous one, bounded by
the body surface. In the work of Frank26 the forward transfer coeﬃcients were based on
measured potential diﬀerences on the surface of a thorax shaped tank containing a ﬂuid
with homogeneous electric conductivity. A physical current dipole was placed inside the
tank in the ventricular region. Based on these measurements, a set of seven electrodes was
selected heuristically, with positions that were, likewise heuristically, chosen on the thorax,
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Figure 5.2 – Examples of simulated AF as visible in the ECG. (A) to (D) are four of the ten AF
variants used in this study. The columns are leads VR, VL and V1; variant (A) is the same as the one
showed in ﬁgure 5.1.
A C E F H I M
x 0.61 0.171 0 0 0 -0.781 0
y 0 0 0 0.655 -1 0 0.345
z 0.133 -0.231 -0.374 0 0 -0.264 0.736
Table 5.1 – The original transfer coeﬃcients proposed by Frank.
ﬁve of them selected at a transverse cross-section at the level of the ventricles (ﬁgure 5.3d).
Based on the analysis of the measured lead vectors, Frank proposed a matrix of transfer
coeﬃcients for estimating D on the basis of the potentials at the seven electrode locations
(table 5.1).
The matrix was implemented by a resistive network. The signals observed at the three
outputs of the resistive network have become the standard for the VCG. The procedure
may be expressed by the matrix multiplication
D = T Φ, (5.3)
in which Φ is the matrix of observed potentials at the seven electrode locations (size: 7×T )
and T the matrix (size: 3×7) for deriving the dipole estimate from a limited set of observed
potentials. Note that the resistive network was connected directly to all electrodes sensing
the actual potential. Since the mean of the potential as such on the thorax is unrelated
to internal current source strength, Frank’s matrix satisﬁes the required property that the
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sum of the elements of each row be zero. Expressed in matrix/vector notation
T e = 0, (5.4)
in which e is a column vector with all its L elements equal to one. This property should be a
condition in all expressions for deriving a dipole estimate from a limited set of observed po-
tentials. Over the years, the VCG derived from the Frank electrodes and the corresponding
matrix has become to be regarded as the gold standard in vectorcardiography. However,
this has unfortunately led to the situation that several recent eﬀorts have been directed
toward deriving, i.e., approximating Frank’s based derivation of the dipole strength (VCG)
from alternative, limited electrode conﬁgurations rather than deriving the dipole estimate
itself.
Recent advances in computer-based modeling of the volume conduction properties of the
thorax, and the numerical handling of the solution of systems of equations have provided
accurate methods33,75 for designing and testing diﬀerent conﬁgurations of electrodes and
their corresponding (inverse) transfer matrices. These are the methods applied in this
paper.
For any conﬁguration of electrodes, the associated transfer matrix T may be computed
as follows. Based on an assumed dipole source matrix Dref and on the involved forward
transfer W , a set of reference potentials is computed as
Φref = W Dref, (5.5)
as in equation 5.2. Next, the required transfer matrix T is computed as the one that
minimizes the sum of the squared diﬀerences between all elements of the reference source
Dref and those of its estimate
Dest = T Φref. (5.6)
The linear constraint equation 5.4 needs to be included in the solving of this problem. This
is implemented by using the zero-mean version of the potentials:
Ψ = Φref − 1LEΦref, (5.7)
with E a square matrix (size: L× L) having unit elements only. Based on this zero-mean
version of the potentials, the desired transfer T is found to be
T = DrefΨt(Ψ Ψt), (5.8)
with  denoting the pseudo inverse of a matrix. The quality of the entire procedure, viz., of
the selection of the number of electrodes and of the computed associated transfer T, may
be quantiﬁed by taking measures of the matrix of residual diﬀerences, R = Dref −T Φref,
either as such or when compared with the elements of the reference source Dref.
If, like when using the Frank leads and its associated transfer matrix T, the VCG is
derived from a limited number of observed signals, the estimated dipole vector will produce
errors if applied to dipole locations and/or thorax geometries other than the one used in the
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design procedure. The redundancy in using seven electrodes, as in Frank’s system (four are
suﬃcient if design and application relate to the same dipole location and thorax geometry)
aimed at reducing the errors in applications of the ’one lead system ﬁts all’ type. Being
aimed at ﬁnding the dipole vector related to ventricular activity, Frank’s system cannot be
considered as the gold standard when designing alternative lead systems focusing on the
atrial VCG during AF.
The gold standard used in the present study is the one based on the Gabor-Nelson
equations.28 Based on a speciﬁed geometry of Sb, the surface bounding the thorax, a full
description of the potential ﬁeld on the thorax φ and a homogeneous conductivity of its
interior, these equations yield the unique identiﬁcation of the dipole vector D as
D = σ
∫
Sb
φ dS (5.9)
irrespective of its location. This makes it ideally suited for serving as the gold standard
in designing new vector lead systems, as was done in this study. In its application to
descretized, sampled data, the Gabor-Nelson equations read
DGN = σSb Φ, (5.10)
with Sb the matrix (size: 3×L) of the matrix of the body surface normals at the positions
sampling the potential ﬁeld. Since
∫
Sb
dS = 0 for any closed surface, condition of equation 5.4
is automatically satisﬁed. The accuracy of this numerical estimate of the exact expression
of equation 5.9 increases with the number of observation points. Simulated body surface
potentials during AF at all L = 642 nodes of the triangulated torso boundaries were used
in this study.
5.3 Materials and Methods
5.3.1 Geometries of the human thorax
The thorax models used were based on the MR images of 25 healthy subjects. These
were collected in a previous study41 and included the speciﬁcation of the geometries of the
thorax boundaries, lungs and ventricles of 15 males and 10 females. The data comprise a
substantial range of thorax morphologies and variations of heart position and orientation.
Each surface representing the thorax geometry was speciﬁed by 642 nodes as the vertices
of a dense triangulation. The nodes contained the locations of the electrodes of the 12-
lead ECG as well as those of the Frank lead system as subsets. The measure used for the
characterization of overall thorax morphology was derived from the ponderal index.58,60 By
introducing the mean density ρ of body tissues into the deﬁnition of the ponderal index, a
dimensionless shape factor was derived
PI =
3
√
m/ρ
h
, (5.11)
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with m and h denoting body mass and height of the subjects, respectively. For the 25
subjects the mean ponderal index value was PI = 0.24 ± 0.01 (mean ± SD), with range:
[0.22, 0.26]. A single (male, mesomorphic) subject was selected with PI = 0.24, the value
of the median. This reference subject will be referred to as subject RS. The results derived
for this subject are used during the illustration of the various steps of the design procedure.
However, as documented in the Evaluation section, the entire procedure was performed by
taking each of the geometries separately in the design procedure, followed by an evaluation
based on each of the remaining 24 geometries.
5.3.2 Model of the human atria
A thick-walled 3D model of the human atrial myocardium was derived from MRI data of a
healthy subject.104 Its numerical implementation comprised 2590 triangular elements (1297
vertices), representing both the epicardial and endocardial surface.
The geometry of the atrial model was ﬁtted to the individual geometries of the subjects,
aiming at matching size, location and orientation of the atria with reference to the ventricles
and the lungs.
5.3.3 Simulated atrial ﬁbrillation
The study required the body surface potentials over the entire surface of the thorax. Since
no such data are available, the alternative used was to generate the episodes of atrial activity
by a previously developed biophysical model.
Full source description
Ten diﬀerent variants of AF were generated by means of the biophysical model. To this
end, heterogeneities in action potential duration were introduced by changing the local
electrophysiological properties of the cells, as described previously.36,105
The model of atrial morphology comprised 800,000 coupled units. The propagation of
the electrical activation was derived from a reaction-diﬀusion system (in the monodomain
framework). For each of the units, the membrane kinetics was based on the Courtemanche
et al. model of human atrial myocytes.16 AF was initiated through rapid pacing in the left
atrium appendage. During AF, after the pacing protocol was stopped, the data during a
time interval of 10 seconds were extracted for subsequent analysis. The AF signals produced
by the model have shown to be in full qualitative agreement with those observed clinically.51
The 10 variants of AF were found to diﬀer, depending on the arrhythmogenic substrate that
was used in order to make the model vulnerable to AF. The diﬀerences showed up in the
dynamics of the depolarization waves, the number of wavelets and their wavelength.53
The electrical activity of the entire ensemble of 800,000 units was represented by the
equivalent double layer (EDL).30,104 This expresses the electric activity within the atrial
myocardium by a double layer source on the surface bounding the atria (endocardium and
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epicardium: 1297 nodes), the local strength of which is proportional to the time course of
the local transmembrane potential, Vm(t). The numerical representation of the double layer
is the source matrix S (size: 1297 × 10, 000), whose element s(n, t) is the source strength
at node n of the atrial surface at time instant t within the 10 s episode, sampled at 1000
sps.104
The equivalent dipole
The equivalent dipole representation of the source matrix S is computed with
Deq(t) = σ
∫
Sa
Vm(t) dS. (5.12)
This expression is similar to 5.10, but here the integration is carried out over the bounding
surface of the atria (epicardium and endocardium) and the integral is the local transmem-
brane potential. An example of this equivalent dipole components is shown by the solid
lines in ﬁgure 5.1.
5.3.4 Body Surface Potentials during AF
Body surface potentials generated by atrial electric activity depend on the magnitude and
nature of the electric sources as well as on the properties of the volume conductor that
governs the transfer from source elements to the potentials at the observation points. In
this study, the transfer from the double layer sources S to the potentials on the body surface
was computed by means of the boundary element method (BEM).33 The result is described
by a linear transfer, which is represented by a matrix A, (size: 642× 1297). It accounts for
the major eﬀects of the conductive properties of the body tissues: those of the lungs and
cardiac cavities. Each row of A is the contribution of all the source elements to a ﬁeld point
on the body surface (electrode position), and each column is the contribution of one source
element to all the ﬁeld points on the body surface. The resulting body surface potentials
Ψ are computed as
Ψ = AS. (5.13)
A total of T = 10,000 body surface potential maps (10 seconds of simulated AF sampled
at 1000 sps) were computed and documented at each of the 642 locations over the surface
of the thorax; has size (642 × T ). Individual transfer matrices Ai (i = 1, ..., 25) were
computed for all 25 volume conductor models. For each variant j, (j = 1, ..., 10) of the
diﬀerent types of simulated AF, the potential was computed, resulting in the 250 potential
matrices Ψi,j = AiSj.
A low-pass moving averaging ﬁltering over 20 samples, having a ﬁrst cutoﬀ frequency at
50 Hz, was applied to all signals. This preprocessing was necessary in order to suppress the
eﬀect of discretization noise of the simulation. Examples of the variants of the simulated
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AF are presented in ﬁgure 5.2. The variant shown in (the top) row (A) was used in all
various steps of the design procedure.
5.3.5 Design of the Lead Systems
The gold standard
The framework of vectorcardiography implies a single current dipole as the source, placed
inside a homogeneous volume conductor. The gold standard in this study is the equivalent
dipole estimated by the Gabor-Nelson equations 5.10 as discussed above,
DGN = Sb Ψ, (5.14)
with Sb, the matrix of body surface normals, and Ψ, the matrix of simulated body surface
potentials during AF. In spite of the implied homogeneity, the Gabor-Nelson estimate
proved to come close to the ‘true’ equivalent dipole computed by using equation 5.12. This
can be seen by comparing the Gabor-Nelson based estimate, shown in ﬁgure 5.1 by the
dotted lines, with the solid line for the ‘true’ equivalent dipole.
Electrode conﬁgurations
Six diﬀerent electrode montages were studied, namely the ones shown in ﬁgure 5.3, drawn
on the thorax of subject RS. These are those of: (A) the Frank lead system as well as a
modiﬁed version of it, (B) the result of a search procedure, (C) the standard 12-lead ECG,
(D) the ACG lead system47 and (E) the OACG lead system.49
The modiﬁed Frank lead system, (A2), is a heuristic adaptation of Frank’s electrodes,
(A1), in which the electrodes in the horizontal plane, i.e. A, C, E, I, and M, are moved up
by one intercostal space.
(B), is the result of search procedure described in a subsequent section.
The ACG lead system, (D), is a montage that was conceived heuristically so as to
increase the information content of the ECG on atrial electric activity; it is currently tested
in clinical applications. It uses the same number of electrodes, 9, as used for the standard
12-lead ECG and has 5 of its electrodes, VR, VL, VF, V1 and V2 anchored to their standard
positions.
The OACG (Optimized ACG) montage (E) is a lead system aimed at maximizing the
information extraction of atrial ﬁbrillation, also anchored to some of the locations used in
the standard 12-lead ECG. The locations of four electrodes were optimized, while leaving
the remaining 5 electrodes, VR, VL, VF, V1 and V4 in place. The reason for including V1
and V4 is that, among the six precordial leads, their signals showed the lowest correlation
during AF, thus promising maximal independent information on AF.
The optimal electrode conﬁguration would be the one using all 642 electrode positions.
A less demanding electrode conﬁguration is that of the 64 electrodes used in Body Surface
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Figure 5.3 – The electrode montages studied, displayed on the biophysical model of the human thorax.
The geometries shown are those of the thorax, the lungs, the atria, the ventricles and the blood-ﬁlled
cardiac cavities. The black dots indicate the positions of the electrodes. (A) The Frank lead system and
the modiﬁed Frank lead system. The modiﬁed one has the ﬁve electrodes of the horizontal plane shifted
one intercostal space up to the level of the atria. (B) The optimized 7-electrode lead system. (C) The
standard 12-lead ECG system. (D) The ACG lead system. (E) The OACG lead system.
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Potential Mapping (BSPM) systems.37,86 To test the quality of the resulting estimate, the
potentials at all 642 nodes on the thorax were derived from an interpolation procedure
based on the surface Laplacian.76 The equivalent dipole estimate was derived from the
Gabor-Nelson equations applied to these interpolated data.
Dedicated transfer coeﬃcient
For all 6 electrode montages shown in ﬁgure 5.3, dedicated transfer coeﬃcients were com-
puted, aimed at the analysis of AF signals. These were computed as T = DGNΨt(Ψ Ψt),
as in equation 5.8, here with DGN and Ψ as in equation 5.13. Based on these matrices, the
VCG type estimate of the dipole vector of an AF episode was
Dest = T Ψi,j. (5.15)
In all of the various applications, matrix T was scaled so that the sum of the squares of all
elements of matrix Dest was the same as that of the corresponding elements derived from
the Frank lead system.
Performance Measure
The performance of the lead systems was quantiﬁed by the relative RMS diﬀerence, RD,
deﬁned as
RD =
‖DGN −Dest‖F
‖DGN‖F
, (5.16)
in which DGN and Dest are the reference (gold standard) and the estimated dipole, respec-
tively, and ‖.‖F is the Frobenius norm operator.
Searching for the optimal seven
The best lead system based on k electrodes positioned freely over the whole surface of the
thorax (642 possible positions) would be the one that produces the lowest value of RD. For
k = 7, the number of electrodes used by Frank, an exhaustive search for the optimal seven
out of the 642 nodes on thorax would require over 8.6e15 evaluations, taking more than
500,000 years of computation time. Instead, we performed a two-stage exhaustive search
among a uniformly sub-sampled version of the 642 nodes on the thorax, comprising 162
nodes. This reduced the computation time to just two days. The initial four leads required
for any vector lead system were selected exhaustively from the subset of 162 nodes. After
accepting these four electrode positions, another three electrode locations were identiﬁed
by an exhaustive search among the remaining 162 - 4 = 158 locations.
5.3.6 Evaluation Method
The design of the transfer coeﬃcients was based on the data of the reference subject (subject
RS). The performance of each lead system was quantiﬁed by the RD values resulting from
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their application to all 10 AF signals, for each of which the potential distributions Ψi,j on
all 24 thoraxes was simulated.
In addition, for each subject, the entire procedure was carried out separately based on
his or her geometry (design stage) and the resulting lead systems were evaluated in their
application to the thorax geometries of the other 24 subjects.
5.4 Results
5.4.1 Evaluation of the gold standard
The derivation of the Gabor-Nelson equations assumes a homogeneous volume conductor.
However, diﬀerent body tissues have diﬀerent conductivity values, and the major ones of
such inhomogeneities were included in the forward transfer used for computing the poten-
tials Ψ by means of equation 5.13. Because of this it is not self-evident that the Gabor-
Nelson estimate, DGN, would come close to the equivalent dipole Deq. The evaluation of
this aspect yielded the following results.
The time courses of the equivalent dipole components of the atrial sources during AF,
computed on the basis of equation 5.12, and their estimates used as the gold standard
derived from the Gabor-Nelson equations, equation 5.14, were found to be very similar,
as shown in ﬁgure 5.1. The correlation coeﬃcients of the paired vector components of the
X,Y,Z signals shown were 0.98, 0.96 and 0.96, respectively; the corresponding RD values
were 0.43, 0.31 and 0.34. Similar values were found for all other episodes and all 10 diﬀerent
variants of simulated AF studied. Based on the observed similarity, the Gabor-Nelson based
estimate was accepted as the gold standard in this research.
The computation of the Gabor-Nelson based estimate requires the full potential distri-
bution on the thorax as well as the individual thorax geometry to be known (equation 5.14).
As in the Frank system, the lead systems documented in this paper involve just a crude
sampling of the potential distribution on the thorax, and, moreover, are aimed at applica-
tions that ignore individual thorax geometry, the “one lead system ﬁts all” principle. Before
presenting the results pertaining to these limited lead systems, the consistency and quality
of the design procedure is documented here. First, a single matrix of transfer coeﬃcients
and resulting Dest was computed based on the geometry of subject RS. The resulting RD
value was 0.018 (left solid bar in ﬁgure 5.4; ﬁrst row, ﬁrst column of table 5.4). Next, this
matrix was tested in its application to the potentials of all remaining 24 subjects. The mean
of the RD values found was 0.052 (left open bar in ﬁgure 5.4; left column of table 5.4). This
demonstrates that if the full potential distribution is available, the use of a single matrix
is acceptable. Next, in a similar fashion, the eﬀect of reducing the number of electrodes to
64, the number involved in some of the body surface potentials mapping systems, was stud-
ied. The results are listed in columns 2 and 3 of table 5.4 and the corresponding bars are
indicated in ﬁgure 5.4. The results of two diﬀerent procedures are shown. In the ﬁrst one,
the potentials at all 642 nodes were derived from the 64 nodes of the BSPM conﬁguration
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Figure 5.4 – The performance of the lead systems expressed as the relative RMS diﬀerences RD
between the estimated and the gold standard dipole components. The black bars relate to the RD value
for subject RS, the ﬁnal residual of the designing stage. The white bars are the mean values for the
single, dedicated transfer coeﬃcients tested on all 10 variants of AF, each of which computed on 24
diﬀerent models of the thorax. The error bars are the interquartile ranges.
by means of the surface Laplacian based interpolation method. The estimate employed the
individual thorax geometries. In the second procedure, a single transfer matrix was derived,
based on the thorax geometry of subject RS.
5.4.2 Dedicated transfer coeﬃcients
The matrices of the transfer coeﬃcients derived from equation 5.8, based on the geometry
of subject RS and dedicated to the various electrode montages shown in ﬁgure 5.3, are
presented in table 5.2 and 5.3. The ﬁrst three matrices involve seven electrodes, as in
Frank’s system. The ﬁrst one of these relates to the standard electrode positions of the
Frank system, now dedicated to the atrial VCG during AF (ﬁgure 5.3A, dots). The second
relates to the situation where the electrodes in the transverse plane have been moved up
one intercostal space (ﬁgure 5.3A, crosses). The third relates to the locations identiﬁed in
the two-stage exhaustive search.
The ﬁnal three matrices involve 9 electrodes, as in the standard 12 lead-ECG. The ﬁrst
of these relates to the positions of the standard electrodes, ﬁgure 5.3C, the second to the
ACG conﬁguration (ﬁgure 5.3D) and the ﬁnal one to the OACG conﬁguration (ﬁgure 5.3E).
Note that all of these satisfy the constraint expressed by equation 5.4: the sum of all row
elements is zero.
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Dedicated Frank
A C E F H I M
x 0.5467 0.7668 -0.4318 -0.1912 -0.0427 -0.7199 0.0722
y -0.6354 -0.1003 -0.0403 1.7631 -0.4820 -0.1703 -0.3348
z 0.9500 -0.2713 -0.7001 -0.7633 -0.3951 0.3269 0.8528
Dedicated Frank Modiﬁed
A* C* E* F H I* M*
x 0.6274 0.3511 -0.2957 0.1204 0.0003 -0.5066 -0.2969
y -0.5729 0.2302 -0.0401 1.0745 -0.4662 -0.2259 0.0005
z 0.6772 -0.1290 -0.6769 -0.1088 -0.2849 0.0497 0.4727
Dedicated Optimized 7-electrode
E1 E2 E3 E4 E5 E6 E7
x -0.9253 -0.0529 0.4072 0.6444 -0.1913 0.0312 0.0867
y 0.5279 -0.1142 0.8528 -0.3255 -0.9214 -0.0795 0.0599
z 0.5489 -0.3543 -0.3258 -0.0200 -0.0656 0.7012 -0.4845
Table 5.2 – The transfer coeﬃcients adapted for the described lead systems using 7 electrodes. The
rows refer to the orthogonal dipole components; the columns to the electrodes of the montages. The
directions are those of the standard VCG protocol, pointed toward the left (x), foot (y), and to the back
(z). When applied to measured potentials, the unit of the estimated dipole components have been scaled
so as to be the same as in the original Frank VCG system [mV].
5.4.3 The optimal 7-electrode montage
The locations of the electrodes found by means of the two-stage, exhaustive search are
shown in ﬁgure 5.3B. The electrodes E1 – E4 are the initial four electrodes, and E5 – E7
are the three ones added in the second stage of the search. This conﬁguration relates to the
optimal positions found for the reference subject RS. When the same search was performed
on the ECG and geometries of the other 24 subjects, the precise locations found showed
substantial individual diﬀerences. However, the main features of the patterns were similar,
demanding at least one electrode on the back.
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Dedicated ECG
V1 V2 V3 V4 V5 V6 VR VL VF
x -0.1945 0.0328 0.0597 0.2633 0.3079 0.3973 -0.6119 0.3392 -0.5938
y 0.3386 -0.1329 -0.0555 -0.2779 -0.1318 0.4412 -0.5936 -0.8563 1.2681
z 0.1033 -0.0113 -0.5413 -1.1370 -1.0640 0.6810 -0.1587 0.4030 1.7249
Dedicated ACG
V1 V2 V2S V1S V2RS V2R VR VL VF
x -0.2483 0.3510 -0.1903 0.2569 0.1121 -0.2534 -0.9206 0.8212 0.0715
y -0.0185 0.0289 -0.1464 -0.1793 0.1096 0.3355 -0.7433 -0.4629 1.0764
z 1.1642 -0.4857 -0.9338 0.9926 -1.6420 -1.2647 1.2878 0.2036 0.6778
Dedicated OACG
V1 V4 V1P V1S V2RS VLC VR VL VF
x -0.1411 0.3008 -0.0691 0.1543 -0.2259 -0.2070 -0.5909 0.8909 -0.1121
y -0.0048 0.4656 0.0356 -0.1315 0.0222 -0.5756 -0.2472 -0.2971 0.7327
z -0.1967 -0.1670 0.4971 -0.3913 0.1565 -0.5180 0.0343 0.7033 -0.1182
Table 5.3 – The transfer coeﬃcients adapted for the described lead systems using 9 electrodes. The
rows refer to the orthogonal dipole components; the columns to the electrodes of the montages. The
directions are those of the standard VCG protocol, pointed toward the left (x), foot (y), and to the back
(z). When applied to measured potentials, the unit of the estimated dipole components have been scaled
so as to be the same as in the original Frank VCG system [mV].
5.4.4 Performance
The RD values found for the various lead systems are presented in ﬁgure 5.4, with their
corresponding numerical values as documented in table 5.4. The RD values are derived
from the pooled data of all 10 variants of AF, computed over the entire 10 s intervals. The
solid bars in ﬁgure 5.4 represent the RD values based on the data of subject RS (design
set), for which the various transfer coeﬃcients are documented in Table 5.2. The open bars
represent the RD values resulting from the application of the respective transfer coeﬃcients
to the signals of the 24 remaining subjects.
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642 G64 64 ECG ACG OACG F FM Fd FMd O7
Desn. 0.018 0.024 0.020 0.134 0.137 0.059 0.474 0.383 0.095 0.090 0.061
Eval.
mean 0.052 0.056 0.083 0.430 0.413 0.242 0.390 0.355 0.282 0.278 0.249
25% 0.017 0.016 0.032 0.117 0.115 0.073 0.077 0.066 0.076 0.086 0.061
75% 0.013 0.016 0.026 0.119 0.106 0.063 0.071 0.058 0.071 0.069 0.068
Table 5.4 – Numerical values of the results depicted in ﬁgure 5.4. The performance of the lead systems
expressed by the relative diﬀerence between the estimated and the gold standard dipole components. The
values are speciﬁed as mean the interquartile range.
5.4.5 Validation
The RD values found for the various lead systems as documented in the preceding sub-
section were based on the geometry of the reference subject RS. The latter geometry was
selected as the median of a spectrum ranging from lean to obese morphology. Even so,
this choice may be biased when comparing the qualities of the respective lead systems.
To study this, the entire design and evaluation procedure was repeated by taking each
of the individual geometries as the reference, and documenting the performance of the
application of the individual transfer coeﬃcients to all remaining 24 subjects. The results
are presented in a similar way as in the preceding sub-section: a bar diagram in ﬁgure 5.5 and
corresponding numerical values as documented in table 5.5. The solid bars represent the RD
values of the design stage of each of the 24 subjects. The open bars relate to the evaluation
stage for these respectively designed lead systems: the means of the performances resulting
from selecting each of lead systems and applying them to the remaining 24 subjects.
5.5 Discussion
The analysis presented in this paper emphasizes the fact that the VCG should be viewed
as the result of an inverse procedure aimed at estimating the equivalent current dipole of
cardiac electric activity. Like in all other types of inverse procedures,15,17,18,34,46,67,71,82
the accuracy of the estimate deteriorates if 1) fewer electrodes are sampling the potential
ﬁeld, 2) modeling errors are involved (inhomogeneity is discarded), or, 3) a standard, non-
tailored geometry of the volume conductor is used, the“one set of transfer coeﬃcient serves
all” principle. All of these points are reﬂected in the increase in the RD values shown in
table 5.4 and 5.4. Even in the tailored design the results shown by the solid bars, the RD
increased. This is even more noticeable when reducing the number of electrodes from 9, as
in the standard 12-lead system, to 7, as in Frank’s lead system.
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Figure 5.5 – The deviations of the estimation performance. The bars are those of ﬁgure 5.4. The
error bars on the gray bars relate to the RD values of the 24 subjects during the design stage. The error
bars on the white bars are the ranges of the mean RD for each new transfer coeﬃcients and lead system
designed on the individual thorax model applied to the remaining 24 models. They represent the mean
± interquartile range
642 G64 64 ECG ACG OACG F FM Fd FMd O7
Desn.
mean 0.018 0.024 0.020 0.134 0.137 0.059 0.474 0.383 0.095 0.090 0.061
25% 0.001 0.005 0.002 0.010 0.010 0.007 0.095 0.068 0.008 0.009 0.002
75% 0.001 0.008 0.002 0.011 0.013 0.008 0.088 0.054 0.015 0.010 0.007
Eval.
mean 0.053 0.057 0.085 0.295 0.397 0.224 0.391 0.356 0.315 0.273 0.193
25% 0.005 0.005 0.012 0.044 0.034 0.037 0.016 0.009 0.020 0.040 0.021
75% 0.005 0.004 0.006 0.033 0.016 0.048 0.014 0.006 0.022 0.035 0.010
Table 5.5 – Numerical values of the results depicted in ﬁgure 5.5. The deviations of the mean RD
performance for each new transfer coeﬃcients and lead system designed on the individual thorax model
applied to the remaining 24 models. The values are given as the mean ± the interquartile range.
The analysis used the Gabor-Nelson based estimate as the gold standard. This proved
to yield time courses of the components of the derived dipole that came close to those of the
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equivalent dipole (ﬁgure 5.1). In particular, the wave forms were very similar (high correla-
tion coeﬃcients). The relatively high RD values may be attributed to the inhomogeneities
of the conductivity. This was conﬁrmed by recomputing the Gabor-Nelson estimate, now
based on the potentials simulated for a homogeneous thorax. Here all three correlation co-
eﬃcients increased to values higher than 0.99 and the corresponding RD values decreased
to values below 0.016.
The various transfer matrices dedicated to the various electrode montages studied were
derived while including the constraint of zero row sums, equation 5.4. As a consequence,
the transfer matrix may be applied to the potentials at the electrodes, irrespective of the
potential reference, be it WCT, zero mean, or any of the electrodes involved. In the latter
situation, the potential values at the electrode chosen as the reference will be included in
the computation (equation 5.15) as a zero vector.
Of the 7-electrode systems studied, the optimal 7-lead system (optimal 7) had the
lowest RD values. However, compared to the modiﬁed (shifted) version with dedicated
transfer coeﬃcients, the diﬀerence was not found to be signiﬁcant (p = 0.18). Moreover,
when repeating the design procedure for the optimal 7, the electrode locations identiﬁed
for diﬀerent thorax geometries were never the same. This suggests that the montage of
the shifted transverse electrodes, and its dedicated transfer coeﬃcients are the optimal
choice, since its locations are easily adapted from the traditional locations introduced by
Frank. Note that, (ﬁgure 5.4), with the shifted electrode positions and dedicated transfer
coeﬃcients, the RD values decreased signiﬁcantly (p = 0.004).
Among the montages involving nine electrodes, the lead system OACG yielded the
smallest RD values (ﬁgure 5.4; table 5.4), values that were smaller than those of the optimal
7 . This demonstrates that transfer coeﬃcients for the estimation of the VCG on the basis of
the signals of the 9 electrodes of the 12-lead ECG should be derived in the straightforward
manner using the methods presented in this paper, rather than by adapting previously
published estimates based on fewer electrodes. When applied to the 4 electrode positions
of the so-called EASI lead system (not treated here), the performance RD values for subject
RS increased by a factor of 3.7 with respect to those of the modiﬁed, dedicated Frank lead
system.
Among the adapted lead systems, there is a considerable diﬀerence between the ones
that have at least one electrode on the back (Frank, OACG, Optimized 7-electrodes) and
those without (ECG, ACG). This means that the distributed nature of the atrial electric
activity during AF demands a more complete three-dimensional capture of information
around the thorax, thus necessitating at least one electrode placed on the back.
The result found from the additional evaluation, based on the other 24 thorax geometries
were essentially the same as the ones found in subject RS. However, for all OACG lead
systems designed on each of the 24 thoraxes, the spread of the interquartile range of the
RD values, when tested on all other thoraxes, was found to be larger than that by using the
dedicated transfer coeﬃcients of the subject RS. In other words, the lead system designed
on this mesomorphic subject was the most robust at the evaluation stage. This also justiﬁes
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the selection and evaluation of the various lead systems speciﬁed by the transfer coeﬃcients
documented in table 5.2 and 5.3.
5.6 Limitations
A single biophysical model of human atria was ﬁtted to the available, MRI based geometry
of the ventricles of all subjects. However, within the framework of the present study, this
did facilitate the study of the volume conduction properties of the diﬀerent thorax models
as such, since it avoided the eﬀect of the additional variability on that of the simulated
potentials. The simulation of the body surface potentials accounted for the inhomogeneities
due to lungs and cavities only. Possible eﬀects of other inhomogeneities, like those of bone,
fat and major vessels, as well as that of the anisotropic properties of skeletal muscle, were
ignored. The model used has previously been found to yield highly realistic atrial signals.104
During AF, no clinical body surface potential distributions over the entire thorax during
AF were available. We are currently developing a method to separate the atrial and ven-
tricular contributions to the 12-lead ECG, recorded in a clinical study of AF both from the
traditional electrode locations and the other electrode montages discussed in this chapter.
These data will be used in a comparison of the performance in clinical applications of the
lead systems discussed.
5.7 Conclusion
The methodology required for a model-based design of leads systems dedicated to the
analysis of the VCG during AF was discussed.
The estimate of the equivalent dipole derived from the Frank lead system was shown to
be suboptimal in the estimation of the VCG during AF. Among the various lead systems
studied for this purpose, the superior one was the OACG system, an electrode montage
which includes ﬁve of the traditional electrode positions: VR, VL, VF, V1 and V4, and
four additional locations. The inclusion of at least one electrode on the back, at the level of
V1, proved to be essential for a limited lead system aimed at observing the dipolar activity
of the atria during AF.
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Conclusions 6
6.1 Achievements
THE surge of interest that can be witnessed today regarding atrial arrhythmias justiﬁesthe initiative of the Lausanne Heart group and its persistent commitment to the
understanding and analysis of atrial ﬁbrillation.
The principal contribution of the work presented in this thesis lies in the design of
a novel lead system dedicated to the analysis of atrial ﬁbrillation and evaluation of its
performances with clinical and simulated signals. The main contributions of these studies
as mentioned in the previous chapters are as follows.
6.1.1 Chapter 2
Atrial repolarization as observable during the PQ interval
In this chapter, the objective was to ﬁnd the involvement of atrial repolarization in the
body surface potentials, a process that was so far considered to be entirely masked by the
ventricular components, the QRS complex.
Electrocardiograms of 73 healthy subjects were recorded using 64-lead systems. The
data analysis focused on the PQ intervals, while devoting special attention to the low-
amplitude signals during the PQ segment: the segment from the end of the P wave till
onset QRS. The data were analyzed by inspecting body surface potential maps and the
XY Z signals of the vectorcardiogram.
The results demonstrated a signiﬁcant involvement of atrial repolarization during the
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PQ interval. It conﬁrmed the presence of the essentially discordant “atrial T waves”, which
are visible on the body surface potentials when appropriate signal processing procedures of
low-level signals are applied. The observation suggests a small dispersion of atrial action
potential duration as well as its much shorter duration than what is used in common cellular
models.
The local potential extremes during the depolarization and repolarization were found
at positions not sampled by the standard 12-lead ECG, implying the sub-optimality of this
standard lead system for studying the electric activity of the atria.
A method was introduced for the handling of the directional statistics over an arbitrary
shaped surface involved in the analysis of vectorcardiograms.
6.1.2 Chapter 3
Adaptation of the standard 12-lead ECG system dedicated to the
analysis of atrial fibrillation
This chapter presented the design process of a new lead system aimed at optimizing the
information extraction of atrial ﬁbrillation, and its evaluation using the biophysical model
of the human atria and thorax.
The location of 4 of the 6 precordial electrodes was optimized while leaving the remain-
ing 5 of the 9 electrodes of the standard 12-lead system in place. The analysis was based
on episodes of 11 diﬀerent variants of AF simulated with a biophysical model of the atria
positioned inside an inhomogeneous thorax. The optimization criterion used was derived
from the singular value decomposition of the data matrices.
While maintaining VR, VL, VF, V1 and V4, the 4 new electrode positions increased the
ratio of the eighth to the ﬁrst singular values of the data matrices of the new conﬁguration
about ﬁve-fold compared to that of the conventional electrode positions. The locations of
the electrodes of the standard 12-lead system were shown to be clearly suboptimal, while
the proposed adaptation, the OACG lead system, provides more information on the atrial
electric activity during ﬁbrillation. Its electrode locations are anchored to those of the
electrodes of the standard leads and can be used in clinical practice using the standard
equipment.
The adapted lead system produces a more complete view on AF compared to that of
the conventional the standard 12-lead system.
6.1.3 Chapter 4
Performance of a lead system dedicated to atrial fibrillation: ap-
plication to clinical data
The OACG lead system was designed and evaluated in chapter 3 in a biophysical-model
study by comparing its performance to those of the standard 12-lead ECG and the previous-
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ly designed ACG lead system. This chapter presented the application of the lead systems
to the clinical data. The database comprised the recordings of 32 patients during AF, of
which 30 patients from whom data with the standard ECG and ACG were recorded, and 2
patients from whom data with all three lead systems were documented.
Clinical recordings of AF are perturbed by the ventricular components. In order to
dissociate the atrial contribution, a VA cancellation method was applied to each of the
signals providing 5-minute sequences of uncontaminated AF episodes.
A complexity index, deﬁned as the optimization criterion in chapter 3, was computed
for the AF signals. The stationarity of this value was studied by segmenting the 5-minute
sequence into segments of 10 seconds.
Signals recorded with the OACG lead system allowed for an enhancement of AA through
application of the VA cancellation method. The results showed a clear superiority of the
OACG lead system under visual inspection with respect to the cancellation of the artifacts.
Within the limitation of the small number of recordings, signals observed with the
OACG lead system provided constantly larger values of the normalized singular values and
the complexity index compared to those with the standard ECG and ACG. The ACG
exhibited a 1.34-fold larger value in the paired statistics of α8 with respect to the standard
ECG, while the OACG lead system presented a 1.82-fold improvement.
The application of the OACG lead system to patients in AF admitted to the hospital
emergency room have experienced no problem so far. The original intention of leaving 5 of
the 9 electrodes anchored to the conventional positions made the adaptation of recording
smooth, and, notably, the inclusion of one electrode on the back showed no diﬃculty in its
application.
6.1.4 Chapter 5
Vectorcardiographic lead systems for the characterization of atrial
fibrillation
For the vectorcardiographic representation of the electric dynamics generated by the atria,
the objective of this study was to design a VCG lead system dedicated to the analysis of
atrial ﬁbrillation.
Body surface potentials during atrial ﬁbrillation were simulated by using a biophysical
model of the human atria and thorax. The XY Z components of the equivalent dipole
were derived from the Gabor-Nelson equations. These served as the gold standard while
searching for methods for the derivation of the vectorcardiogram from a limited number of
electrode positions and their transfer coeﬃcients. Six electrode conﬁgurations and dedicat-
ed matrices were tested using 10 diﬀerent episodes of simulated AF and 25 diﬀerent thorax
models.
The methodology required for a model-based design of leads systems dedicated to the
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analysis of the VCG during AF was discussed, notably the gold standard using the Gabor-
Nelson equations as the reference dipole components was substantiated.
The estimates of the equivalent dipole derived from the Frank lead system and the
standard 12-lead ECG system were shown to be suboptimal in the estimation of the VCG
during AF. An adaptation of the 9 electrodes of the standard ECG, the OACG lead system,
reduced the RMS-based relative estimation error by 40 % compared to the conventional
Frank lead system and its original transfer coeﬃcients. Signiﬁcantly, the recent trend of
‘derived ’ lead systems for computing the VCG is severely questioned.
The inclusion of at least one electrode on the back, at the level of V1, proved to be
essential for a limited lead system aimed at observing the dipolar activity of the atria
during AF.
6.1.5 Answers to the questions
Q: What can we see of atrial electric activity on the body surface?
A: The two principal features of the atrial activity, depolarization and repolarization, can be
observed on the body surface potentials. In a normal cardiac cycle, depolarization was ob-
served from the onset of the activation followed by the repolarization as potential extremes
of opposite polarity at locations not covered by the standard 12-lead ECG lead system.
The VCG representation at the time instants of the extreme potentials showed opposite
directions. This signiﬁes a small dispersion of the APD value of atrial cardiomyocytes.
Q: Can we learn more about atrial ﬁbrillation from body surface potentials?
A: Yes. In all observations presented so far using both the simulated AF episodes and
clinical recordings during AF, the standard 12-lead system was clearly suboptimal for the
information content of AF that is available from the entire body surface potentials.
Q: How can we capture the information more eﬀectively?
A: Within the limitation of clinical practice and current equipment using nine electrodes,
the proposed OACG lead system oﬀers an augmented capture of information of atrial activ-
ity during AF as well as a higher precision in the equivalent dipole estimation. One of the
crucial issues is to have an electrode on the back of the thorax so as to catch the complex
three-dimensional dynamics of AF.
6.2 Perspective
The entire study carried out by the Lausanne Heart group is advancing day by day. At its
dawn, the concept of a biophysical model of the human atria manifesting propagation of
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atrial ﬁbrillation was constructed and tested on simple geometries and with elementary elec-
trochemical kinetics.5 The use of a more realistic geometry and incorporation of elaborate
mechanisms led to a recognition of the model in the medical ﬁeld.50 Concerning practical
aspects, the model has been used in the investigation into possible therapies for atrial ar-
rhythmias, such as radio frequency ablation or drug therapy, treatments which cannot be
easily tested in the clinic due to its invasiveness.20
The momentum of these activities fed the current study in which theoretical, practical
and clinical aspects entwine and evolve in synergy; the development of the model by in-
cluding fast conducting bundles and histological pathologies, the volume conductor aspects
like those treated in this thesis in the expression of the electric source on the surface, and
ﬁnally the classiﬁcation of clinical AF signals using ventricular activity cancellation and
feature extraction from ECG recordings.
As one may say, the results are never ﬁnal.14 In a never-ending search for the best lead
system, the inhomogeneity of the biophysical model can be enhanced by including the liver
or fatty tissue such as the mammae. The diﬀerences of conductivity in these tissues are
non-negligible and their eﬀect supposedly large. The eﬀect of the position of the atria inside
the thorax needs as well be investigated as it is most essential in the framework of electric
volume conduction.
The design of the OACG lead system was limited by self-imposed constraints. The
possibility of other types of adaptation of the standard ECG, such as an added “12+n”-
lead system or the optimization of the three limb leads, are potential topics that can be
investigated by using the methods developed in this thesis.
Concerning chapter 4, the collection of clinical data of atrial ﬁbrillation using the OACG
lead system is in progress. The evaluation process will be repeated once a statistically
suﬃcient number of recordings is attained.
The design and evaluation process of the new lead system are shown in detail in this
thesis. The impact of the OACG lead system in terms of practical application is yet to be
tested. For instance, classiﬁcation and identiﬁcation of atrial ﬁbrillation types with respect
to its etiology through feature extraction of body surface potentials is an interesting topic.
The next milestone of this study would be the search for actual features in body surface
potentials such as the bias of vector direction or the distribution of potential extremes
during atrial ﬁbrillation. These are studies that can be tested with more precision using
the OACG lead system.
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Epilogue
Is a thesis a once-in-a-lifetime experience? Some of us write it once and hope never to do
it again, while others guide their way into achieving it twice, or more. As for me, I am
glad I did it, and I would love to do it again in a ﬁeld that interests me. This work is not
just four months of intense redaction but a compilation of what I have been doing during
the past years. It was a fun experience which I enjoyed fully, though I must admit I am
relieved it is ﬁnished now. After the ﬁnal correction of this thesis, Professor van Oosterom
would probably make me sing: “Ye see how for a little while I labor and toil, yet have I
found much rest.”∗ as it resonated inside the Cathedral of Lausanne.
Thank you for reading till the end, my dissertation is nearly ﬁnished. What did you
ﬁnd? I am very curious to know. You may have found room for improvement, have you
not? There is always. But let’s not worry! It’s too late, now, it will always be too late.
Fortunately!†
∗Sehet mich an: Ich habe eine kleine Zeit Mu¨he und Arbeit gehabt und habe großen Trost funden.6
†Mais rassurons nous! Il est trop tard, maintenant, il sera toujours trop tard. Heureusement!11
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The genius will come through despite everything, for there is something absolute
and indomitable in his nature. The so-called “misunderstood genius” is rather a
doubtful phenomenon. Generally he turns out to be a good-for-nothing who is
forever seeking a soothing explanation of himself.
– Carl Gustav Jung. The Development of Personality (1943)54 –
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